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ABSTRACT: This book is intended for scientific workers interested 

in combustion problems, for students of higher and middle technical 
schools, and for technicians. It should he useful to a wide circle 

of rocket modelers. The book fives basic theoretical information 

on such physiocochemical properties of solid rocket fuels as burning 
mechanism, thrust, combustion, and ignition. It also gives information 
on chemical problems connect with solid fuels and cites numerous 
examples of specific fuels. The authors sincerely thank Professor 
joctor Dionizy Smolenski for except vionally val uable remarks and 
suggestions which made it possible to avoio a number of errors ard 
mistakes. They thank also Doctor Engineer Zygmunt Bonecki who gave 

the initiative for writing the book. Special recognition is 
expressei to Zofia Sosno: 








ska. For her and expert editing. This 
ook is ti first olish publication dedicated exclusively to solid 
a rouke fuels. English Translation: 350 pages. 
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FROM THE AUTHORS 

‘More .and :more specialists are ‘concerning ‘themselves with xocket propulsion 
technology. ‘This is an area of interest not only -for military experts ‘but also ifor 
specialists in -the fields of meteorology, communication and air :transportation and 
fora atinnthe of :rocketry amateurs .congregated <into various ‘organizations, rpuin- 
‘cipally ‘LOK. 

Domestic literature is currently lacking -in comprehensive -publications .on ithe 
subject of ‘the chemistry .and technology of solid :rocket propellants. ‘Nor are ‘the 
publications .encountered in the world literature very exhaustive. ‘The ‘reasons re 
ithis are the : widely divergent compositions of present-day solid -rocket propellants 
and ithe fact that much data in this field .are ‘bound :up -in military :and industrial 
“secrecy. Nevertheless, certain bits of information on -this subject do -occasionally 
find their way into publications. 

This work is precisely for the purpose of treating this material. Zt -is an .at- 
tempt to assemble and systematize the most interesting .and important information -ap~ 
pearing in monograph publications, reports and patents. The assembled material is 
of the greatest value for specialists engaged in scientific research work -in ‘the dis— 
cipline of solid rocket propellents, technicians and ‘students. ‘The accessibility :of 
the material offered in this book also makes it invaluable ito rocketry enthusiasts. 

The various portions of the book were written by ithe following authors: Part 
I, Mgr. Eng. ‘Michal Syczewski, except for Chapters 1. 1.1, 1.2, 1.3, 4, 4.1, 4.2 and 
-+.3, which were written by Mgr. Krzysztof Krowicki, ‘who also wrote Parts II and ill. 

Delivering this book into the ‘hands of its ‘readers, -we ‘hope that it will in- 
spire increased research on solid rocket propellants in our land. 

We wish to thank Prof. Dr. Dioniz Smolenski for his extraordinarily valuable 
counsel which enabled us to avoid many errors and inaccuracies. We also wish to ex- 
press our gratitude to Zygmunt Bonecki, upon whose initiative this book was written. 


We extend special recognition to editor Zofia Sosnowski for her able and perceptive 


work in composing this book. 
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Latin Symbols 
A = thermal equivalent of work 


A = cross section 


. = combustion area of the charge 


Aaa = work of adhesion 





Acoh = work of cohesion 


> 
. 


cross-sectional area through the channel of free flow 


> 
a 


critical cross-sectional area of the nozzle 


A = cross-sectional area of the chamber 


2 
. 


acceleration 


coefficient in combustion law 


the speed of sound 


2 
4 


activity 


a 
a 


total elongation 
B = constant in non-Newtonian flow equation 


Cc = fuel consumption coefficient 


A = cross-sectional area of the grain 
i 





Co) 

Cc = molar specific heat of gas at a constant volume 

c « molar specific heat of gas at constant pressure ‘es 

c = constant in equation for erosive combustion 4 

c = concenvscation ie 

cy ee specific heat at constant volume 

&, = specific heat at constant pressure 

fap = specific heat of sclid ncowellent’ | 

c = constriction during elongation 

a = diameter | 
' 
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diameter 

rate of flow 

activation energy 

elasticity modulus (a constant for a given material) 
thrust } 

mass fuel consumption (mass output) 
acceleration of gravity 

molal enthalpy 

thickness of chamber walls 

number of chemically bound.atoms of-an element 
total impulse 

Log = individual cr specific impulse 

unit volume impulse (specific density impulse) 


number of gram atoms of an element in 1 kg’ of propellant component 





total enthalpy 


ratio of cross-sectional area through the channel of free flow to the 
critical cross-sectional area of the nozzle 


longitudinal rocket acceleration 
constant in erosion equation 

water gas equilibrium constant 
internal contraction constant 
contraction constant 

cost of 1 kg of rocket construction 
cost of 1 kg of propellant 

adiabatic exponent 

permissible stretching tension (stress) 
length 

work expended in breaking samples by drop-testing 


length 



























M = molecular weight : 

it 
| M = Mach number os 

m = wave number of tangential waves 

Te = gas mass 

™m = mass velocity in erosivity equation 

m* = mass velocity when x = 

n = powet exponent in combustion law 


n = wave number of radiation waves 


tT 


power exponetit for non-Newtonian ‘fiow 


ny = coefficient of light refraction 
Pr 


Prandtl number 

P = pressure 

Q = mass velocity of diffusing gas in a combuscion equation 
q = wave number of axial vibrations 

q = surface area of liquid 


Q = plasticity limit 


Pad 
oe 
a 


Reynolds number 
R = gas constant 

R = radius 

Ral = elasticity limit 
R = tensile strength 


r = burning rate 


Rn 
a 


erosive burning rate 

r = burning rate without erosion 

SS) = diffusion coefficient 

be = absolute gas temperature 

T, = flame temperature 

T, = surface temperature of the burning propellant 


Ty = initial propellant temperature 





T = tempersture of tsobsric priner combustion 


P 

t = duration time of accelerstion 

G = impact. strength 

U = rete of fsll of a solid body in a liquid 

Us» linear gas flow rate as defined by Reynolds numbers 

u = tenpezature coefficient of burning rate 
‘ v = volume 

v = rate of flowing gases in erosion studies 
« 

Wo final velocity of expelled gases 

Wo = inttial gas velocity 

' = weight of the propellant 
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Ww = starting weight of entire rocket without payload 
W 


mass of primer a 


summary power exponent in erosive combustion laws 


Greek symbols 


0 = summary constant in erosive combustion equation 


' on = constant tn vibration frequency equation 

; B = constant in erosive combustion equation 

4 E = surface concentration (concentretion of solute at surface) 
€ Y = deformation due to tangentisl stress 


Y = specific gravity y = p°g 


enthalpy drop 


GS 
a 
a 


Fe € = relative elongation 


es 


€ = fraction of condensed portions in primer combustion products 





porosity 


cmemeerengee 
a) 
a 


a = limiting angle 
A = coefficient of resistance in the falling of a solid body in a liquid 


uw = Poisson number 

































* = coerricient of adhesiveness 
v = element numb-r -- atomic number 
v = vibration frequeacy 
€ = fuel coefficient 
t = temperature coefficient. of pressure 
Q = wna 
fos = surface tension 
0 = permissible stress on chamber material ° x 
19 = interphase tension 
6 = liquid-solid body interphase tension 

= cutoff pressure 
2 = volume fraction of dispersed phase in suspension 
% = oxidizer -- combustible component mixture ratio 
¢ = oxidizer -- cumbustible component‘stoichiometric mixture ratio 
% = cxidizer -- combustible compenent mixture equivalent ratio 

= sphericity -- ratio of surface area of sphere with same volume to surface 

area of particle 
Abbreviations 

c. wk. = density 
c. Cz. = molecular weight 
cz. wag. = weight fraction 
t. = temperature |@ 
tew. = boiling temperature (point) 


tte = melting point 


Translation Editor's Note: 
The Polish word "Katalizator" may be translated as either “catalyst or cata- 
lyzer." These two words are used interchangeably in the text, and should not be 


interpreted to represent two different entities. 
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‘INTRODUCTION 
Recent years have seen a considerably increased ‘interest in solid rocket pro- 

pellants. Many rocket experts believe that by 1970 most if-not all‘ rockets used for . 

earth-bound purposes, even intercontinental ballistic missiles, will be powered by. 

solid propellants. In.order to achieve this, it will be necessary to poche a 
“i number of difficulties because in some respects solid propellants’ do not, nor will 
they ever, equal liquid fuels. Nevertheless; the differences between them must be 
reduced to a minimum. 

One of the fundamental shortcomings of solid propellants is the impossibility 
of stopping the engine when it is operating and of regulating the fuel consumption 
during flight (that is, of varying the amount of propellant burned per unit of 
time). 

With respect to the specific impulse and the chemical stability, liquid pro- 
pellants will always be superior to solid fuels. Solid propellants can never attain 
specific impulses such as those obtained with Foz, Og H2 and Os-Hy mixtures but 
they can equal other liquid compositions such as, e.g., oxygen-alcohol. The chemi- 
cal stability of liquid propellants is theoretically unlimited. The oxidizer and 
the combustible component are prepared and stored separately, which permits them to 
be preserved for a very long time. On the other hand, in the case of solid propel- 


lants, the oxidizer and the combustible component are in‘direct contact with each 





other and this leads to decomposition during storage, slowly in some propellants 
and more rapidly in others. The instability of solid propellants is frequently 
caused by the instability of the chemical compounds (nitroglycerin, nitrocellulose, 
etc.) which enter into the composition of these fuels. However, because it is not 
intended to store these fuels indefinitely, the stability of solid propellants can 
be increased with certain additives so that they will still be suitable for use af- 
§ ter a definite period of time, with only slight changes in their properties with 


respect to those of a freshly prepared propellant. 





i 


: es 
CES ae ; 











Ra IS EE EE RE DL 


Notwitostanding certsin disadvantages, solid propellants are superior to liquid 
fuels ‘in many other respects. oie of the most important advantages is the simpli~ 
city of construction of the rocket motor. This is comprised id's tease, which 
also serves as tue combustion‘chamber, and a nozzle. The-conetruction of liquid 
propellant. motors must incorporate containers for the oxidizer aud ‘the combvstible i 
component, a tranefer arrangement, a distributing arrangement, a eiatadétee chamber, 
a cooling arrangement and a nozzle.. al this greatly increases the cost of con- 
struction and, what is even more important, disadvantageously reduces the ratio of 
propellant to the total weight of the missile. : | 
The high specific gravity of solid propellants ‘as compared with liquid fuels 
increases the energy content per unit volume, that is, the so-called specific power. 
This permits the use of containers with: smaller dimensions than thi:se of ‘liquid pro- 
pellants with the same energy content. Moreover, because the cost of many solid 
propellants is less than that of liquid fuels, it can be stated that the economy 
factor would to a great extent, if not entirely, eliminate liquid propellants from 
terrestrial uses. 
The literature contains a great deal of inforwation on the construction of 
motors for solid propellants and associated theoretical considerations. On the 
other hand, the chemical side of the problem is frequently mentioned but very little 
concrete data is offered. The quantitative composition of propellants, particularly 
the nature of the additives, are frequently industrial or state secrets so that, if 
they are published at all, it is frequently after several years! delay. Comparative- 4 
ly, the most comprehensive material is still offered by patents, particularly sAmer- 
ican patents, from which a good deal of valuable information can be obtained’ after 


careful examination. 

























pect 


ey 2 erry 














I. PHYSICO-CHEMICAL FUNDAMENTALS OF SOLID ROCKET PROPELLANTS 


A. COMBUSTION OF SOLID ROCKET PROPELLANTS 

The combustion of solid rocket propellants 1s based on highly exothermic inter= 
molecular or intramolecular. oxidation-reactions. 

One of the most important characteristics of solid rocket propellants is their 
rapidity of combustion. The burning rate is the linear velocity at which the solid 
propellant is consumed and.is.weasured-in’a direction normal to the propellant .sur- 
face; it is denoted by "r" and is expressed in cm/sec. 

The burning-rate depends on the composition and temperature of the propellant, 
the (chamber) pressure, form and size of the grains of the components (especially 
the oxidizer), on the degree of homogeneity of the mixture, the rate of flow of 
gases in the direction tangent to the propellant surface, etc. 

With respect to the burning rate, solid propellants can be divided into two 
groups: , 

a. Propellants with a burning rate of 0.25-0.4 cm/sec, used for assisted 
launches, starting turbines in turbojet planes ead for esckan the compressed 
gases necessary for conveying the oxidizer and fuel into liquid propellant nissiles 
{1]. 

b. Propellants with a burning rate Flee 0.4 cm/sec to several centimeters per 
second; they are used for rocket propulsion [2]. 

Quite frequently the two propellant types differ by only small amounts of a 
substance ("catalyst" of combustion), which often results in a radical change in 
the burning rate. . 

With respect to chemical composition and associated physical properties, solid 
rocket propellants are divided into two groups: 

a. Colloidal propellants, which principally contain two basic self-oxidizing 


substances -- nitrocellulose and one of the liquid nitrates of poly-hydroxy 





alcohols (nitroglycerin, nitroglycol, ete.). 
b. Composite propellants, iv which the predominant por-1on is the oxidizer, 
while secondary with respect to quantity is the organic combustible component which 


sinultaneously serves as the oxidizer and binding substance. 


1.1. Fundamental Laws of Combustion 
The interdependence of the. burning rate; pressure and temperature is the most 
important characteristic of. any propellant. Theoretical eochinettcalhibulstiae 
lead to more or less suitable teenie from the practical point ‘of wiew, ‘but “pri- 
marily this interdependence is very complicated. The equation worked out by M. 
Summerfield and coworkers of Princeton University 16 one of ‘the most accurate for 
composite propellants. After certain reductions and at standerd temperature, ‘this 


equation assumes the following form: 


p] @ b 
rp + pe 
Pp 


nal bps 
; 


where r is the burning rate, p the pressure and a and b the constants. for the given 
propellant. 

The curve with coordinates p/r and p2/3 is almost linear. Intersection with 
the p/r axis gives the a value, while b is defined by the slope [2]. 


Although the above dependence is the preferred one, empirical equations are in 





geMeral use because of their earlier formulation, wider recognition and simpler 
form, and also because of their broader application (they spply also to colloidal 
propellants as well as composite ones). 


The basic empirical equation is 


reap" (1.1) 
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where: a and b are constants for the given propellant, and n ie en exponential con~ 


etant for the given propellant within a corcain pressure range. 

This dependence frequently is not fulfilled in the cane of a wide range of 
pressures; then it-so happens that the exponent n iis different a: different pres- 
sures for the same propellant. es . 


It is necessary for the pressure exponent n to be Less than one because at val- 





ues close to n* 1, a stable combustion is impossible. This means that an Anciden- 
tal slight increase in pressure causes a tremendous increase in the burning rate 
and, consequentiy, the fuel consumption (or the mass of combustion products gener- 
ated in a unit of time), several times greater than the output of the engine nozzle, | 
i.e., than the. Limiting amount of gases that can be discharged ‘by the nozzle per 
unit of time. Then a violent pressure increase takes place in the combustion cham- 
ber and the engine breaks apart. ; 

It is most preferable that the exponent n be equal to 0, because then the burn- 
ing rate is aot 2 function of the pressure. However, it is very difficult and mot 
always possible to obtain fuels with such properties. Therefore, it is recomaded 
that the exponent at least be less than 0.65 [1]; however, there frequently are 
fuels with an exponent n going as high as 0.9. 

The exponent n can be determined by finding at least two values of the burning 


rate at two different pressures [3]: 





raps and ry -aps 
and then 
log” 
7) 1 | Ae ee |), eRe aa T 
"s \ Py log " log)’: logy’: 
ty \ 


If the burning rate ie known for standard pressure conditions, i.e., under a 


pressure of 70.3 kg/em* {this figure results from the conversion of pressure values 


15 











taken as standard by American scientists, 1000 Mfca22 units, to ‘hgh xnety » then 


pn \" Ca i 
€ rely) ¥ Pa 


whence 


oe) Kx 198.247 108 F949 * 
70" ' - deg Py log 70 hcg 


The constants a and n are thus designated. 
All the above equations are valid for. fuels with wnvarying temperatures, ‘or 
for t = a constant. . 


The most general equation incorporating the temperature dependence is 
rs bpm cinh (1.2) 


where: b, n and Tp are constants in the given pressure and ‘temperature range, 
1 is the temperature sensitivity to the pressure, otherwise called 
the temperature coefficient of the pressure, : t 
T’ is the standard temperature, and 
T is the actual temperature [4]. 


It is easy to see that for T = constant and (T' — T) = constant and 


bev" — const yi 
the equation (1.2) assumes the form of equation (1.1), where mh 
gg albeit AT, ry 


On the other hand, when the standard temperature T’ = T, that is, when T' ~ T ='0, 
the constant a= b. It results from this that the equation r = ap” is a evortill 
case of equation (1.2). 

The temperature coefficieat of the pressure Ty is defined as the ratio of the 


percent pressure variation to the temperature variation of the fuel in unit values 


16 
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{ 
Or 100 
a= —— eS ih. « 
AT 
There is an interdependence between n, % and u 
oy u 
yn 
u 
whence 22" —— 
Rp 
es -1 
or mx eet gf 
My t= | 


ion percent prescure variation 


P 2*c (fuel terperature) 


Ap ie" 
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The formulated equation zlso became ‘the temperature coefficient of the ‘burning 
rate u. This is the ratio of the percent burning rate variation 2t constant pres- 
sure to ‘the fuel temperature variation in unit values’ 


ie percent burning rate variation 
1°C (fuel temperature) 











the value of the exponent n is not uniform [5]. 
For example: a composite fuel with 25% polyester combustible com onent and 75% 
NH,C10, has u = 0.25[1°C-1] and Tt) = 0.45[1°c-1]. it follows that the burning rate 
increases 0.25% and the pressure 6.45% when the fuel is heated 1°C. 
The relationships (1.1) ard (1.2) are valid only for certain temperature and 
pressure ranges. As already mentioned, some fuels can attain tne exponent value 


n = OQ within a certain pressure range; this means that the burning rate ceases to 











erent 





be a function of the pressure and becomes constant. This is called the plateau ef- 
fect and is most frequently encountered in colloidal pcbpelladta when small amounts 
of lead salts are inserted [6]. This effect is also possible in composite fuels 
with ammonium perchlorate and with certain additives. , | 
It can also occur that the exponent n assumes a negative value for some pres~ 
sure ranges; in other words, the burning rate decreases with increasing pressure. 
This is called the mesa effect [7]. Both of these effects are illustrated in Fig- 


ure 1.1, 





a 


Figure 1.1. The plateau and mesa effects which arise 
during the burning of some solid rocket propellants. 





It quite frequently occurs that the burning rate is so low under atmospheric 
pressure that the burning “uel is extinguished. In this case, a pressure increase 
is necessary for regular, stable combustion. This pressure increase is obtained by 
burning a smail auxiliary charge, the burning time of which is of the ozder of a : 

ow hundred milliseconds (usually about 500). 

At the present time the burning rate and the coefficients n, T, and u can be 
.nfluenced by means of various additives.. Thus, the following can now be expected » 
of fuels: 

(a) definite limits cf the burning rate, 

(bj) a definite effective burning rate, 

(c} low and high exponents n, 


(d) a low oP value, 


(e) 





a calm ignition, 





(£) a high combustion productivity, 

(g) elimination of unstable combustion, and 

(h) elimination of detonations. 

Although the mechanisms of burning -rate variation are presently more or less 
well known, the mode of action of Pahitives on the variation of n, u and 1. 1s 


either cloaked in secrecy or is still in the research stage. 


1.2. The Mechanism of Combustion 

The ourning of solid rocket propeliants is based on a number of complex exo- 
thermic chemical reactions of decomposition as well as oxidation and reduction. 
These reactions initiate a pyrolytic effect in the thin layer just under the combus- 
tion surface. The combustion process is complete when a thermodynamic equilibrium 
in the gaseous phase is achieved. 

Particular burning mechanisms are very complex and are difficult to mest. 
Moreover, they are different for colloidal and for composite fuels. In the case of 
colloidal propellants, the substance burned is homogeneous and, in particular, the 
components are most frequently self-oxidizing. Therefore, exothermic decomposition 
reactions will predominate here. In the case of composite fuels, the substance is 
nonhomogeneous and the predominant constituents are an oxidizer and a combustible 
component; consequently, oxidation and reduction reactions between the decomposi- 
tion products of both constituents will constitute the majority of transformations 
taking place. 

The burning diagram for colloidal fuels is presented most simply in Figure 1.2, 
These fuels are homogeneous substances; most of the constituents are cellulose ni- 
trates and poly-hydroxy alcohols, The area in which the burning reactions take 
place can be divided inte several layers parallel to the combustion surface. The 
sub-surface zone is located immediately below the combustion surface, otherwise 
valled the decomposition zone because a partial decomposition of the organic ni- 


trates takes place here due to the effect of temperature. This decomposition 
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becomes more substantial in the foaming zone (also called the fizzing zone), during 


which large amounts of nitrogen’ dioxide and other gaseous products are liberated. 
fs ; ‘ ‘ 
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Figure 1.2. Combustion diagram for colloidal fuels. 
Key: (a) = solid phase; (b) = gaseous phase; (c) = 
fiame zone; (d) = dark zone; (e) = temperature; (f) 
= foaming zone; (g) = combustion surface; (h) = sub~ 
surface zone; and (i) = distance. 


Reactions in the gaseous phase begin at this moment. First, activated pro- 


ducts are generated without heat production; thie is the so-called dark zone or 








preparation zone. Then exothermic reactions take place, a whole series of excited 


atoms and molecules arise and prcduce luminescence by radiating an abundance of 


energy in the form of quanta. This is the flame zone. 





The thickness of the subsurface layer is a function of the burning rate and 
the penetrability of the fuel to radiation from the flame zone. With higher burn- 
ing rates and lesser penetrability, this layer is thinner. As the combustion sur- 
face is approached in the direction of the gaseous phase, the temperature increases 
due to the exothermic decomposition reaction, radiation absorption and thermal con- 
duction and reaches about 300°C in the foaming zone, after which it increases vio- 
lently to about 1400°C, acquiring its highest value in the flame zone. 

The thickness of the foaming zone is a function of the volume of gases liber~ 


ated. Thus, it is not surprising that this layer is very thin in the case of 
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Figure 1.3. Physical effects arising during the combustion 
of fuels containing ammonium nitrate. Key: (a) = gas stream; 
(b) = sclid combustion products; (c) « luminous zone; (d) » 
flame base; (e) = dark zone; (f) = macromolecular dirfusion; 
(g) * absorption of molten NH,NO3; (h) = cracking and foaming 


of the surface; (i) = fusion of NH,NO3 and association into 


larger drops; (j) = modification of physical properties; (k) 
= temperature; (1) = high turbulence; (m) = turbulent mixing 
of the components, (n) = high turbulence and instability; (0) 
= hydrogen desorption, gas absorption by the evolved carbon 
black; (p) = laminar outflow or diffusion; (q) = surface 
changes aud temperature stresses; and (r) = crystallographic 
transformations. : 


higher pressures. The same applies to the preparation zones. The thickness of this 
zone increases vapidly with decreasing pressure and it may happen that the activat~ 
ed product concentration becomes inadequate, the flame zone wanes and, although the 
grain undergoes decomposition, the combustion is incomplete [7,8]. 

The combustion mechanism of composite propellants is completely different. 


This, of course, is due to the inhomogeneity of the fuel. The entire propellant 
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surface is composed alternately of strips of oxidizer and combustible component. 

The two components undergo pyrolysis due to the heat tranemitted by radiation or 
thermal conduction. Conical regions rich in oxygen or gaseous combustible component 
decomposition products are formed. It resembles in its entirety the burning of gas- 
es in a Meker burner, but with the eppearance of waxing and waning of diva 
streams or jets in extremely rapid cycles [2]. 

The combustion processes are best studied in the case of fuels with anmoniun 
nitrate because these fuels, as has long been known, are superior to others with re- 
spect to the low cost of the oxidizer (which is the reason for its common use), al- 
though they are inferior to propellants containing other oxidizers (NH,C10,, LAiNO3) 
with respect to specific impulse. 

The physical and some chemi-al processes of combustion SE most composite fuels 
(Figure 1.3) are similar to the combustion of fuels containing ammonium nitrate [4]. 

Ammonium nitrate differs from other commonly used oxidizers by its low melting 
point (169.6°C). Thus, when fuels containing ammonium nitrate are heated above’ 
170°C, the molten oxidizer breaks away from the combustible component, tears bits 
of it away and is expelled from the surface together with the gaseous products. 

A number of processes absorb certain amounts of energy, which undoubtedly makes 
combustion more difficult. Thus, for example, large particles must undergo decom- 
position, large molecules must also be decomposed and the products formed require 
an additional amount of energy upon being mixed and heated to the activation level. 
A portion of the energy is also expended in expulsion from the surface, in the 
transfer of material, etc. 

From the chemical point of view the combustion proseamae of composite fuels 
are diferent primarily through the employment of different oxidizers. Because the 
combustible components enter into the composition in the form of the keke witacnr’ 
(C, H, 0, N -- more rarely S and Cl), they ere not as decisively pignieieent, At 
the very most, they can influence the equilibrium state of some reactions in one or 


the other direction. 
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Chemical combustion processes, particularly, (figure 1.4) are most evident in 


fuels containing ammonium nitrate [4]. 
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Figure 1.4, Chemical combustion processes of propellants 
containing ammonium nitrate and a combustible component 
of composition (C4H4)x. Key: (a) = thermal radiation 
and chemiluminescence; (b) = gaseous component mixing; 
(c) = thermal diffusion, fusion and decomposition of 
a NH,NO3; (d) = thermal diffusion and crystallographic trans- 


formations; (e) = temperature; (f) = equilibrium reactions; 
‘ (g) = dissociation reactions; (h) = exothermic combustion; 
(i) = activation; (j) = oxidation reaction; (k) = reac- 
tions of carbon black formation and its gasification; (1) = 
combustible component depolymerization; (m) = photochemical 
: reaction; (n) = explosion; (0) = surface reactions; (p) = 
; gasification of the combustible component (thermal, photo- 
' chemical) (q) = subsurface oxidizer reactions; and (r) = 
modifications of intermolecular forces. 
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1.3. The Action Mechanisms of Combustion “Catalysts” ‘ 
It has long been asserted that smail amounts of certain substances have a radi- ; 
cal effect on the increase in burning rate. It is believed that this effect arises 
only as a result of a catalytic acceleration of the combustion reaction. ve k. Get- 
man [4] asserts that this effect has nothing in common with the catalytic action. 
Indeed, it does appear only in the case of reactions unfolding in the gaseous phase. 
Kenji Kuratani [9] states that the 1% addition of some metallic oxides can ets Re 
ate or slow down the rate of thermal decomposition of ammonium Ndtchiorate. This is 
undoubtedly a catalytic effect. However, this effect is not the only mode of action 
of the "catalysts". Therefore, the term, combustion "catalyst", is not an apt one. 
The dark zone, where no exothermic reactions take place, is believed to exist 
between the combustion surface and the flame zone. The fact that the grain gasifi- 
cation reaction rate is higher than the reaction rate in the flame zone bears wit- | 
ness to this. If this were not so, there would be no dark zone and the flame zone 
would be in direct contact with the combustion surface. The rate of surface and 
subsurface reactions then influences the burning rate directly, but the burning rate 
in the flame zone does not. | 
The combustion "catalysts" act in different ways. Some develop their action 
exothermically on the combustion surface and supply heat directly to the surface 
reactions, others act to break down the surface by means of physical changes, oth- 
ers, on the other hand, by means of excitation in the flame region, emit high-energy | 


quanta, capable of photolysis of the propellant, and others then catalytically ac- 





celerate the breakdown of the oxidizer. | 
Thus, there are 4 ways that "catalysts" can influence the combustion process: | 
1. radiation, 
2. exothermic decomposition, i 


- catalytic decomposition of the oxidizer, and 


w 


- physical transformations. 





Most frequently, all four methods act. simultaneously, but to different degrees. 


Radiation 

If the predominant factor ‘4s "catalyst" influence on the transfer of eaergy to 
the combustion surface by radiation, then at least a certain portion of the energy 
supplied without the "catalysts" must come from the radiation. Actually, the study 
of colloidal fuels suggests that radiation participation in energy transfer amounts 
to 10-202. eneweealet rey comes from tbe visible region and the photon energy is fn 
; equilibrium with the flame temperature. On the other hand, “catalysts” exerting 
their influence by radiation contain atoms capable of photon enission of energy much 
greater than the energy of thermal radiation. Thus, for example, photons with a 
wavelength coinciding with the 5167 A iron lines have sufficient energy to break the 
bonds of the polymer by photolysis. Such photons produce depolymerization by break- 
ing the spatial lattice bonding. 

Photon absorption by gas molecules has little significance with the exception 
of NO», which has a high Widdyption ability, and the fuel molecules, from which by~- 
drogen is dissociated. 

Colloidal propellants proved to be quite penetrable for rediation, whereby not 
only the subsurface layer but also further portions of the charge are subjected to 
heating. This may be the reason for pyrolysis of the deeper layers of the charge, 
which leads to cracking, unstable combustion and even explosions. In order to 
avoid this, the grain.penetrability is reduced by the addition of certain amounts 
> of soot, which stops most of the radiation in the subsurface layer without further 

penetration. 

In the case of composite fuels, the photons penetrate the gaseous layer and 
strike the fuel. If they reach the molten oxidizer, they are absorbed to a small 
degree, some are reflected and the remainder continue on to the combustible compo- 


nent. Consequently, it is not difficult to understand why the combustible component 


absorbs the major portion of the radiation, {.e., at least 60%, in spite of the fact 


i 
: 
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that. di.has a much smaller surface area than the oxidizer. 4 

The radiation of higher energy photons is caused by the substance not. being in 
equilibrium or by cheniiluminescence. In the absence of excite, ‘catalyst’ atoms, 
these hee te be unstable molecules or radicals C, C35 Ci, JH, ON, NH anc 
others. The Cp molecule, which appears in the flame in rather large amounts, As of 
particularly great importance. 

Everything pointe to the fact that photelysis is a very important factor and he 
that the atoms of the metallic elements, which influence the burning rate, act pre- 
cisely in the above manner. It is no mere coincidence that the atoms exhibiting the 
greatest chemi luminescence, Fe, Cu, Co, Ni, K, Pb.., also have the greateet influ- 


ence on the burning rate. 


Exothermic decomposition 

‘It has been found that chromium does not exhibit ‘much chemiluminescence, yet { 

its compourds are used as combustion "catalysts". The metal itself has no influence 
in this respect. On the other hand, the chromium oxides, chromates, dn chibmbete : 


polychromates and chromites have a high radiation absorpticn capability and thus 





supply energy to surface reactions. Ammonium dichromate has long ‘been used in pho-~ 
tography because of its good radiation absorption. The chromates, dichromates and 
polychromates are the most effective in this respect because, in addition to the ab- fi) 
sorbed energy, they also have high heats of dissociation. For example, ammonium di~ | 
chromate has a heat of dissociation which is more than 5 times greater than that of 

ammonium perchlorate (into the elements) (420.07 kcal/mol and 78.3 kcal/mol, re- 


spectively). 'y 





Catalytic decomposition of the oxidizer 
As already stated, some metal oxides accelerate the thermal decomposition of 
ammonium perchicrate. CuO, Zn0, Cr203 are the most effective; MnOg and MgO have 


average effectiveness and Alj03, Fe203 and TiO have minor effectiveness. V205 ex~ 





hibits an inhibiting action. Furthermore, in the presence of different oxides, 
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gaseous products baving differenc cmpositione arise [9]. 


Fhysical trausformations 

In the case of a low melting intidhtos (amH,,NG3) and a readily decomposing com- 
bustible component, a certain amount of liquid and gaseous substances arise inside 
the fuel; as the tevverature increases, Rise substances act more and more strongly 
to break down the surface. Crystallographic transformations, which always bring 
about a volume increase when the temperature is increased, have this same activity. 
Differences in the coefficients of thermal expansion between the oxidizer and the: 
combustible component cause many surface cracks. All these surface changes have a 
great influence on acceleration of the combustion [4]. 

In summarizing the above, it caa be stated that: 

a. Because the thermal radiation is in equilibrium with the temperature of the 
flame, it. cannot he a dominating factor in the transfer of energy "down' to the com 
bustion surface, nor can it be disregarded altogether. j 

bh. Radiation in a state lacking in equilibrium, or chemiluminescence, can be 
a dominating factor in a fuel-rich flame, especially in the presence of “catalysts". 

c. Chemiluminescence and, tc a lenser degree, thermal radiation can supply 
energy for the photolytic decomposition of the combustible component, in addition 
to the pyrolysis occurriag on the surface. 

d. Heat supplied by radiation, thermal conduction and exothermic subsurface 
reactiors leads to a pyrolytic decomposition of the oxidizer, accelerated by the 
catalytic action of metallic oxides. 

e. The physical factor assumes a greater significance and is decisive in the 
final decomposition of the surface layer only when the combustion surface is weaken- 


ed by the above processes. 


1.4. Thrust and Specific Impulse 
Before endeavering to formulate the composition of a solid propellant, the bal~ 


listic, thermodynamic and mechanical requirements of the fuel should be known. 
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Some of these characteristics can be predicted, at least approximately, by learning 
the influence of the particular components on the parameters of the finished propel- 4 
lant. 
One of the principal parameters of rocket fuels is the specific impulse, denot- 
ed by the entice ig. The specific impulse of the fuel can be determined on the ba~ 
sis of experimental studies and theoretical calculations. The theoretical \calcula- 


tions can be carried out on the hasis of laws for the conversion of chemical. energy | 
; - : : 
to other forms of energy. i | 
During the combustion process the chemical energy is converted into thermal 
energy, radiation energy and pctential energy. | ' 
The radiation energy goes partially into heating the engine walls (conversion 
to heat), is partially diffused outward in the form of luminous gas streams and is 


partially absorbed by the burning material, exciting it to continue burning.. The 


results of some studies indicate that for certain fuels the energy passing from the 
combustion zone to the fuel zone is transferred chiefly by radiation. 

Most of the energy liberated during the burning process consists ..of heat -ener- 
zy, which is partially wasted in heating the engine and surroundings as well as on 
the dissociation reaction, which takes place at high temperatures. Potential energy 
arises from the high pressures that develop in the combustion chamher when the en- 
gine is operating. As a result of gas expansion, the thermal and potential energies 
are transformed into kinetic energy due to the high velocity of the couw.ustion pro- 
ducts as they are expelled from the nozzle. Due to the effect of the combustion ‘i 
gases ?eaving the nozzle of the engine, a thrust force acts on the rocket in a di- 
rection opposite to that of the discharging gases. 

The amount of thrust developed is the value of greatest interest to us during 
the flight of the rocket. 

According to Newton's laws of dynamics, this force is equal to the product of 


the mass (of expelled gases) and the acceleration 
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where 





. ¥ = thrust, 
m = maaa of expelled gaaes, 


a = acceleration, 


LTE ERO DIOLS 
2 


Wy.= final (maximm) velocity of the expelled gases, | 

W, = dnitial velocity 

t = action time of the acceleration. 

Because the gas velocity is measured in relation to the engine, the ‘initial 
velocity equals zero, since et the moment of burning (generation) of the gases, the 


engine and the propellant consist of one single wait. Accordingly 


= ae and _ lw. 


a Foum— 
t i 


(in this form the index on W can be omitted) or 


Fotw. 
t 


The ratio m/t is called the mass output and is designated by G = m/t. Thus, this is 
the mass output of the fuel per unit of time. The mass output ‘is a variable value; 


therefore, the following expression will be valid 


dm 


roW a 
dt (1.4) 


The masa output G = m/t can be readily detemined on the basis of the fact that 


~, 
~~ 


the output of combustion products in the nozzle is equal to the decrease in mass of 








the bu¥ning Zuol. 


Knowing the burning rate, specific gravity and combuation surface of: the solid 


propellant, we calculate G from the equation 
G=A,ty (1.5) 


where: Aap = combustion surface of the charge, 
¢ © burning rate, # 
Y © specific gravity of the fuel. 

The thrust should be specified in units of force -- kg, and from the componenta 
of thrust (m/sec)*(kg/sec) we have nkg/sec*, which is a muitiple of the phyaical 
unit of force, the dyne. In order to convert the physical unita to mechanical 
units, the phyeical unite must be divided by the conversion coefficient 9.81, which 
ie prec’sely the value of acceleration due to gravity, denoted by g. 

Finally then 

pa Wm (1.6) 
gt 
wero; mand t are known from the burning rate and the geometric form, 
g is a constant for a given altitude with respect to aea ievel. 

Accordingly, the derivation of the equation in W remains in the expression 
(1.6); we derive this from the equation of the conservation of energy of flow. 

Tho total enorgy of flow of a given gaa is composed of the following compo- 
nentas 

1. the internal energy, c\T, where; c= the specific heat et a constant vol~ le 

umo and T = the absolute temperature of the gasea; 

2, the chomical energy, Up; 

3. the kinetic energy of flow, W?/2g; 


4, the potontial onergy of preasure pV (p = pressure; and V = volume). 


We assume that there is an adiabatic, linear flow of a chemically neutral gas 











eh 


mixture with,no. friction on the walls. Assuming “that heat is not gupplied to or. ré- 
moved from the flow during the passage, ‘the total flow energy £ will be ‘a constant 


4 ‘2 
ool + ApV 4 Unt AT = B= conn (1.7) © 





where A is the heat equivalent of work, which is used in converting kg to: kcal 


1 keal 
A 727 ke 


The equation (1.7) is sometimes called the thermodynamic Bernoulli gas equa- 


tion. 
In order to simplify expression of the energy it should be noted that c\T + 


ApV + U., represents the total enthalpy i, of the gas mixture, then the equation 
(1.7) may be written in the form 
(1.8) 


: Ww? 
fe +- A i == Const « 
& 


It follows from the above that the kinetic energy increase of gases is equal 


to the drop in the total enthalpy, as takes place between two gas flow sections. 


. (Wt — W2) = ier — deg 


hence 
o ee) ae 
Ww yf Wee Eig : 
° 
If we take the combustion surface of the fuel charge as the initial section, 
Wy = 0, then 
ay 2 Dn 
W es /% site (1.9) 
During the 


It remains to find the expression in an accessible form in Ai,. 
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expansion 9. che chemicslly meutral gas, ‘the change in eiitha:py “is éxbreséed Vy a 


penn odes 


change in the temperature and the specific heat 


Sige cp AT i, = cy (Te Ty) (1.10) 


Ui ean 


where fp is the specific heat of the gas under constant pressure, or 


— lig == Cp (Tr —T 2) « (1.13) 


wate 


In the case of the adiabatic transformation of yanes 


a Coa cS] 
el i We (1.12) 
2B 


Waf- fy 


bi. CrtAR | AR Gi.13) 
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k = the adiabatic constant, 
C\ = the molar heat of a gas at a constant volume, 


G = the molar heat of a gas under constant pressure. 


It follows from (1.13) that 


I ; (1.14) 
iy Bs tRe 1G SAR 
lee war beige 





It is well known that the relation of the specific heat to the molar heat has the hae. 


form 
Cpe Cpa 


M = molecular weight of the gas. 


After substitution of the molar heat value from (1.14), we obtain 
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By substituting the (1.12) and (1.15). values in the.equation (1.11), we obtain 


f-1 zt 
£ spn oe 7,—7,(2)* ay) 
ki - 
or 2 
ok ART; p\ 
~ Ai =~ ee — (Eye . 
OT gal aM | ae . TD 


(subsequently, che minus sign in Ai, will be omitted). 


Ry substituting .the last equation in (1.9), we obtain 


nan a tae 
waa) mts (2 | P (1.18) 
k-)°M 1 


When equation (1.18) is used, it should be kept in mind that it is valid for 
all the preceding assumptions and therefore for the adiabatic transfcrmation (i.e., 
when a heat exchange with the environment does not take place), if the expanding 
gases are chemically néutral (i.e., the gas en does not change in passing 
from section 1 to section 2 (Figure 1.5)), and for the flow without friction of the 
gases on the chamber walls. The velecity calculated in this manner is not exact and 
is ueually higher than the true vaiue by about 5%. However, keeping this in mind, 
the above equation can be used in orientational theoretical computations of the pro- 
jected fuel. However, before equation (1.18) is used in calculating the impulse, 
elementary considerations must be taken into account. 

It follows from equation (1.18) that the gas efflux velocity is proportional 
to the squaze root of the combustion temperature and increases with increasing dif- 


ference in the pressure of the gases in the combustion chamber (p)) and in the 

















cischarge from the nozzle (pj). An explanation of. the-indices of the individual i 


parameters can be found in Figure 1.5. 


reece 


Figure 1.5. Parameter designation 

diagram for the engine during com- 

bustion. . 

For the sake of simplification, it is assumed that the pressure in tbe entire 
combustion chamber is constant. In reality, there is a fixed pressure difference 
between the front and back portions of the chamber during the entire burning time. 
This difference changes during the burning and is different for particular condi- 
tions, which is of course reflected in the burning process itself. However, when 
considering the largeness of the thrust, an average pressure value can be assumed 
and a sufficient accuracy can be obtained. The influence of the pressure difference | 
between the front and rear portions of the chamber on the burning process will be 
discussed further in subsequent chapters. 
In order that a maximum pressure decrease may take place, the gas must expand 

to the ambient pressure pg upon discharge from the nozzle. For a given Po» in prac- 
tice, the nozzle can be constructed in such a manner that pg = pg, but taking ‘tbe 
fact that the rocket engine operates at different altitudes (different Po values) 
into account, the engine can function under maximum expansion ‘exploitation ¢ondi- 
tions only for some definite brief period of time. . As pg decreases, the sectional 
surface area of the nozzle must be iacueanel during flight in order to obtain’a max- 
imum gas expansion, and this is difficult to accomplish’. If we assume that for 


each pg value we have an adapted nozzle, in which a maximum expansion ‘takes place 


lsee page 86. 





in section Z, then a higher gas discharge velovity can be expected for a lower en- 
vironmental pressure. 
The maximum discharge:veiocity is attained when the engine is functioning in 
interplanetary oleae when py = py =~. . 
Then 
Wace V6 ae : (1.19) 


¢ The third basic value (in addition.to the temperatute and .the pressure) upon 


which the discharge velocity of the combustion products depends is the molecular 





weight of these products. The discharge velocity is inversely proportional to the 
square root of this weight. 


By employing equation (1.19), we can calculate the maximum thrust, maximum im- 


pulse and maximum specific impulse. These maximum characterlstic values of the en- 


es 


gine are not attainable in practice (rocket engines seldom operate under P90 con- 
ditions). Calculations of the so-called ideal impulse and ideal specific impulse 
are closer to the true state of affairs. When calculating these values, it is as- 


sumed that the environmental or ambient pressure 


Po = Pp = | atn. 


Thus, this is a calculation of the function of an engine under pressure condi- 
tions corresponding to the pressure at sea level and with a nozzle permitting the 
expansion of gases to 1 atm upon their discharge. 

. In summarizing, it should be stated that there are concepts o the real velo- 


j city of the escaping gases, the maximum velocity, the ideal velocity and che velo- 


city resulting from experimental thrust measurements. Corresponding to these velo- 


city concepts, there are thrust, impulse and specific impulse concepts. 


By applying equation (1.18) to equation (1.6), we obtain 
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After reformation, we obtain 3 


Fae / 2k Rr,], 
/ gik~1) M 





(ey z | (1.21) 


By. integrating the.thrust over timé, we obtain the total engine impulse I 


t 
I= J Fat « (1.22) 


This equation is used in working out experimental results; when the thrust 
curve over time is known, it is integrated and the total impulse is obtained. 


In order to obtain a practical equation in theoretical calculations, we assume 


that the thrust is constant during its time of action. Then 


I= Ft e (1.23) 


By substituting F from (1.20), we obtain 


cay / 2% __ 86 [,_ [ote] 
real es BEF a2 


As stated in the introduction, the specific impulse I, is the most important 


parameter for the characteristics of a propellant. 


ee me am (A) (oy (1.25) 
| g{k — 1) 


It follows from equation (1.23) that I is measured in kg-sec, and I, is obtain- 
ed by dividing the total impulse by the mass of the total fuel, expressed in kg. 
Therefore, I, is measured in kg*sec/kg, which is usually written as sec, although 
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this term is not technically correct. Thus, the specific yh CePmertes the kilo- 


=I 


gram-second impulse that can be obtained. by burning 1 kg of fuel. °: ‘The specific io | 


5] 


pulse is greater for most liquid propellants than for solid fuels. and fren ex- 
ceeds 300 sec, while for the best solid propeliants, it ts Rot much more than 250 
sec. 

In choosing a fuel, however, one cannot be guided only ‘by this indicator. The 
specific gravity of the fuel is an important factor. A higher specific ‘gravity per- 
mits the “fitting” of a greater impulse in a small volume, even when. I, is relative- 
ly small. This is the case with solid propellants, the specific: gravity of which is 
advantageous in comparison with liquid fuels. The volume concept of the specific 
impulse, somtimes called the specific density impulse, is sometimes given for com 


parison 


Tyob * Tpylke-sec/Acm>] (1.26) 


For example, if we have a liquid fuel with its I, as high as 300 anda specific 
gravity of 1, and a solid propellant with I, = 200 and a specific gravity of 1.5, 
their volume impulse will be equal to 300. The specific impulse ‘of ‘some commonly 
used solid rocket. propellants is given in Table 1.1. 

It is evident from the table that the most important fuels are those based on 
ammonium perchlorate, taking into account the availability of the raw materials and 
the specific impulse. When a high-energy combustible component and other additives 


(e.g., light metals) are chosen, ammonium perchlorate-based propellants can attain 





a specific impulse as high as 270 sec. 
Because potassium perchlorate has a greater specific gravity than ammonium per- 
chlorate, it can furnish a sufficiently large specific volume impulse, although the 


specific weight impulse is considerably less than the impulse of propellants with 


ammonium perchlorate. Ammonium nitrate-based propellants have a considerably small- 


er weight snd volume specific impulse than the two preceding ones; nevertheless, 


they may be chosen because of the low cost of the raw material. 





TABLE 1.1. SPECIFIC IMCULSRS OF THE MGRE IMPORTANT SOLID’ PROPELLANTS 



















‘Composite propellants 

NH, C10, + polyester resin 
NH, CLO, + polyvinyl chloride 
NH,C1O, (60%) + polyurethan (25%) + other additives (152) 
NH {C10 + polybutadiene 


Oxidizer (65.). + nitropolyurethan 


NH, CLO, + polyisobutylene + decaborane 
’ Oxidizer + polyurethan + light metals 
KC10, + asphalt 180-195 | 
) s us 
KC20, + (C,H,0) 165-210. 
NaNO, + ammonium picrate + binder 180 
NHNO, + (C5 4,0). 195 
LiClO, + various binders | 





Colioidal propellants (2) 
extruded 


Nitrocellulose 50-60 





Nitroglycerine 30-45 

| Plasticizer 1-10 

| case 

| Nitrocellulose 45-55 
Nitroglycerine 25-40 200-220 
Plasticizer 10-25 


Although lithium perchlorate-based propellants have the greatest specific im- 
pulse, they cannot be chosen because the raw materials are expensive and difficult 
to obtain. As can be seen in Table iri. colloidal fuels can equal composite fuels 
in many césee with respect to’ the spec iFic impulse anc because theizs technology has 
long been worked out, they are quite widely used, even at the present time. 

Sometimes, examples of econony a drei calculations are given for solid and 
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liquid propellants. The cost of 1 kg of rocket weight is determined by the equstion 
Ke=§K, + (1—4) Ky 


where: KR = the cost of 1 kg of fuel, 


Hj = the cost of 1 kg of rocket construction without fuel, 


g = the fuel coefficient = W/W 


in which: W, = the weight of the fuel; Wp = the initial weight of the 





eutire rocket without payload (nose cone). 
Ernest R. ‘Roherts gives the maximum costs 110] for solid fuels 
Ky * $44.00 per kilogram, 
K, = § 2.20 per kilogram, 
— = 0.9 
Accordingly, when Ig= 245 sec, the cost per kilogram of initial rocket weight 
is $6.38. The cost of 1 kilogram of initial weight of liquid fuel rockets Cane to 
the high cost of Ky, which is $200.00, and the large & coefficient) averages $13.00, 
even for the least expensive fuels. Therefore, even when we assume that a solid 
fuel rocket is 1.5 times heavier than a liquid fuel rocket, its cost will he about 
27% less. Attention must still he given to the most suitahle conditions of stock- 
piling, use and comparative dependahility of function, which speak for the advantag- 
es of solid propellants. 


1.4.1. An example of the computation of the theoretical 
specific impulse for a composite rocket propellant. ~ 


Determination of the empirical equation 
of the organic portion of the propellant 
By means of example, we take a propellant of the composite type, in which poly- 
ester resins are used as the comhustihle suhstance and the hinder, and potassium 
perchlorate as the oxidizer. 
The polyester resin (designated as “Polimal 110") is a mixture of polyester 


(55%) and styrene (45%). The polyester is ohtained by condensation of the following 
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OH 
Propylene glycol CH; — CH — CH, — OH: 200 parts, 
Maleic anhydride H-C —C =.0 
2 wy 57 parts, 
HC. C6 
a> Me? 
Phthalic anhydride pass: pei 
i yo Partse 


oe ay 
Xoo 


It is evident that the component which is capable of facilitating polymeriza- 
tion is maleic anhydride; because of it, the resin is capable of polymerization. 
Copolymerization of the condensate with styrene takes place in the presence of sty- 
rene; this is the so-cailed hardening of the resin. One mole of glycol enters the 
condensate for each mole of anhydride. In technological data, resins are usually 
given the molecular weight attributed to one double bond and the molecular weight of 
the mer (the mean weight of the glycol-acid composition). It follows from these 
technological data that all the acid and alcohol groups are esterified. A glance at 
Table 1.2 will confirm this. 

The summary product of the molecular weight and the number of moles divided by 
100 (the number of glycol-acid moles) should give the weight of the mer in moies. 

We obtain 195.76 by the division. The molar weight of the mer is given as 177.7, 
that is, the above minus the molar weight of water. 

it follows from this that a complete condensation, together with groups in the 
end of the chain, has taken place in the mixture. On the basis of the data, a sche- 
matic (in agreement with the numerical data) condensation structure can be estab- 
lished. Because the phthalic anhydride is less than maleic, it follows that 86% of 


the condensate (twice the phthalic anhydride fraction) arose from the combination. of 


two glycols and two different anhydrides 











a on 


HC = ‘\-< 
4 
| a CH, —~CH— my ei, = ! 
HACC. PSS 
° 
H O CH, oO 
ee eas. 
C-C—O~CH—OH, —0+'c= 7, 
vise ' 
—2H,0 C-C-—O-—cH-— cH, mah vy 
~ ol \ oT 8 
; B CH, 0 


The empirical formula of the product = Cy gH) g0g- 
The remaining 14% of the condensate arises from the glycol and maleic anhydride. 
The simplest form of this product ia the condensation of two glycol molecules with 
two anhydride molecules. 
Oo CH, oO 
YA 


| I 
H--C~ C—O—CH—CH, -O-C--C-H 
{ 


H o-0-0 ~CH--CH, o-c-4bon 
‘o GH, d 
The empirical formula = &y gH 6%- 

For all practical purposes, the condensation product ring formation of this 
type may be much greatez, but the summary formula will be reduced to the cited sim- 
priest form. 

The mean summary formula is calculated from these two summary formulas, tak- 


ing into account the percenr participation of each of these. The following numbers 


of atoms will be found in this final formula: 


86 1g 4 24 
C= 100 18 + 100 14 = 17.44 


w= 88 a9 4 tt 
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AE gui 1% 5c * 
0* 300 8+ G99 8 = 8:00 


The mean empirical formula then has the form C17 44417, 72%» and its molecular i 
weight is 355. 


TABLE 1.2. THE POLYESTER RESIN COMPOSITION USED { 
IN THE EXAMPLE OF SPECIFIC IMPUJ-"7 CALCULATIONS 


Condznsate 


Amount in parts The product of the 
composition 


by weight in the | mol. wt. and the 
condensate number of moles 


OW 


1900 
GH,- CH= CHIL 


148.11 





Assuming in accordance with the given composition that 355 g is 55% of the res~ 


in com,osition, we calculate the amount of styrene, in grams, devolving upon this 


amount of condensate 


43.355 = 
57395 = 291 


The aimplified summary CH styrene formula has a molecular weight of 13. Ac- 


cordingly, the suba: ript of CH, as occurring in the calculated amount, is 291 
22.38, 


: 13 = 


Ry summicg, we obtain: 











Empirical formula of the condensate Cy 46717 272% (mol. wt. 355) 
Empirical formula of the styrene Coy 38" 22.38 (aol. wt. 291) 
SS 


General empirical formula of the binder @39,82%40.1003 (mol. wt. 646) 


Determination of the vregtired percent composition ef the fuel 


Proceeding to the designing of a rouposite fuel, primary consideration must be 


given to establishing the required binder-oxidizer ratio. ‘For this purpose ‘it is 


necessary above all to know the oxidizer decomposition equation. 


The equation for the decomposition of potassium perchlorate has the form 


KCIO,-> KC1+ 20, , 


Fuel combustion can be complete and incomplete. In the case of complete com- 


bustion (C to co, and H to #,0), the percent compesition of the fuel is in accord-. 


ance with the formula 


©39, 2440.18 + 22.92 Kclo, > 39.82 co, + 20.05 #0 + 22.92 KCl 
mol. wt. 646 + 22,92+138.55 = 646 + 3175 = 3821 
3821 — 100% 


646 — X 


SS an 
64600 
Xe 3821 7 16.9% binder 





83.1% Kclo, . 


For incomplete combustion but complete gasification* (C to CO and H to H,0), we 


calculate the percent composition »ccording to the scheme 


C39. 82%40,1%8 #12597 Kcl0, + 39.82 CO + 20.05 H,0 + 12.97 Kci 


mol. wt. 646 + 12.97°138.55 = 646 + 1797 = 2443 


— 


* 
Translator's note: for want of a better word... 
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2443 — 100% 
646—-X: ee 


X= seeoe = 26.4% binder 


75.6% KC10, « 

Not every composition that is ‘determined and substantiated in a ruvely theoret- 
ical manner can technicslly be prepares. ‘Of the two compositions calculated ‘above, * 
the first is more advantageous ‘from an energy point of views the s¢-ond, however, L 
although it is not quite as good with respect to energy, is technically much easier 
to prepare. Therefore, propellants of this type are always brought closer to the 
composition of the second, which is elso the basis for further caiculations, cited 


below, leading to the determination of the specific impulse. 


Determination of the enthalpy of the substrates 

In order to calculate the specific impulse for a given propellant according to 
formula (1.25), the combustion temperature and the exact decomposition formula must 
be known. A knowlecge of the thermal effect of the decomposition reaction, which 
results from a knowledge of the enthalpy of the substrates and products, is neces- 
sary in order to calculate the temperature and composition of the combustion gases. 
The enthalpy of the resins and various polymers is usually denoted by the given heat 
of combustion (if the heac of combustion ig not given in the literature, it must be 
calculated by calorimetric methods). The calculated heat of combustion for the con- 
sidered resin is 7110 kcal/kg. The enthalpy is calculated on the basis of Hess' 


law according to the scheme * 


Qa 
Coo,ual yo, On + 45,840, + 39,82CO; + 20,05H:0 
rs 3 


si we 
eS 4 


: 4 
Qa 7a 
39,82C -b 20,05H, + 49,840. 
1 
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where: Y 3 = the heat of combustion of the resin (measured); 
i 3 i 


oo 3 tke heat of formation of the products (calculated), 


“ae = the sought heat of formation of the resin. 


Q) 4 7 7110 keal/kg = S48-7720 . 4593 kcal/mole 

%3 = 39.82 ay, + 26.05 a 0. = 39.82°94 + 20.05+68.3 = 5108 keal 
z where: ty, = the nortal enthalpy of carbon dioxide, 
’ a0. = the normal enthalpy of water as a liquid. 





From Hess’ law 


soe ay a 
Oya = 3 = %3 = 5108 — 4593 = 515 kcal/mole . 


The heat of formation of Kcl0, is 12.7 kcal/mole”. 


| 


Calculation of the combustion temperature and 
the composition of the combustion gases 


For the considered composition (incomplete combustion) the decomposition equa-~ 


tion is composed of several unknown coefficients: 


Cag gaHyg, 19g + 12-97 KClO, = a CO, +b CO+C HO +d H+ 


+ 12097 KCL #20 


Calculation of the temperature and composition of the combustion gases is spe- 


. cifically limited to finding these coefficients. 


We set up the following set of equations: 


(1) at b = 39.82 total carbons; 


2See page 8b. 





(2) 2¢ + 2d = 40.1 ‘total: hydrogens; 
(3). 2a4 b+ ¢ © 4°12.974+8 ‘total oxygens; 


(4) atb+c+#2 4 12:97 =n total of all molecules; 





Poo" PHO yc +70 , 
G) Ko = —7* = >> Ss the: equilibrium of water gas; | 
wg Poo, Prag acden ; y 
b > + 
0, +E, § Ot hes 
pressure of 70 atu. pe 
The cited set of equations is the:sinplest set: used in this type of calculp- Bei) 


tions. Nevertheless, jn a concrete case, when the amount of oxygen in the propel- 
lant composition is not sufficient for complete combustion (co, and 8,0) and when it 
is known that tre combustion temperature is not too high, the simplification used is 
sufficiently accurate. 

In other cases, when there is a sufficient amount of oxygen in the fuel, the 
carbon dioxide dissociation constant and the water dissociation constant must be 


considered separately instead of the equilibrium constant of water gas. 


Pto * Po, . Bee +70 





ger number of unknowns and a larger number of equations. Then the resolution sys- 


tem also remains the ame except that, obviously, the resolution of a set containing 


Pio, en 
i ph, * fo @-e-70 
kino = 
Pio Con | 
In this manner we have one equation and one unknown (with 04 coefficient e) 
more; then the method of solving the set remains the same. In the case of higher 
4 
temperatures (above 2500°K), it is likewise absolutely necessary to take into ac- | 
| 
count the molecule~to-atom dissociation, whereby we are obliged to deal with a lar- % 
{ 
| 


a larger number of equations requires more work?, 


3see page 8f. 








In our case, where we have a fuel with a rélatively small calorific value and 
an insufficient amount of oxygen, we employ only the equilibrium constant of water 
gas in addition to the material equilibrium equations. 


The water gas equilibrium equation has the form 
CO, +H: ::CO+HO. 


By its nature it is a sum of the dissociation equations of CO, and H,0 


2 2 


CO..:CO+!0, 
H,O -- Hit} O.°, 


When there is an oxygen deficiency in the fuel, the oxygen evolving in the. CO 


2 
dissociation can oxidize the hydrogen evolving during the dissociation of water va~ 


por and inversely, the oxygen from the HO can oxidize the-Co. 

In this manner the set of five equations will be solved if we assume some value 
of K_ 
WE 
We assume that T.= 1800°K, and oe = 3.967 [14]. 


. 


In the first four material equilibrium equations it is convenient to designate 


the unknowns in terms of one unknown, for example d: 


c= 20,05—d 
b= 39.82—d a==d 
m= 72,B4 4 


On the:basis of these values for the water gas equilibrium equation, we. calcu~ 


late d 


“Ce ( aye ear hve 
be. 70 __ (39,82 — d){20,05 -- di 70 5 ey 
a-d-n d-d- 72,84 


After resolution, we obtain d = 9.17, thus 





= 39,82 — 9,17 = 30,65 
= 20,05 — 9,17 = 10,88 














Accordingly, the decomposition equation in the first approximation has the form 


C39 g2%40.1%8 + 12.97 KC10, = 9.17 0, + 30.65 CO +-10.88 HO + 


-+9.17 Hy +-12.97.KC1l'+ Qs 


The results of the first approximation calculations are verified by comparing 
the product and substrate enthalpies, which should be equal if the initial tempera- 
ture assumptions are correct. 

Normal enthalpy and standard enthalpy are synonyms of this same concept, which 


is sometimes called "enthalpy" for short and which must not be confused with the ab- 


i 


solute enthalpy. The heat of formation is the standard enthalpy of bonding under 
normal, that is, standard (25°C; 1 atm) conditions. 


The heat of formation of the substrates is comprised of 


the heat of formation of the resin 515 keal 
the heat of formation of Kcl0, 12.97 °112.7 = 1460 kcal 


A total of 1975 kcal « 


The standard enthalpy of the combustion products is constituted by the sum of 
the enthalpies of the individual products under combustion conditions. 
The tables of thermodynamic constants do not give the enthalpy of KCl at high 


temperatures; accordingly, it is calculated by summing 





the heat of formation of KCl 104.3 , 
the heat of heating solid KCl (1093 — 298)0.013 = — 10.4 ie 
the heat of fusion of KC1 = 6.4 
the heating of liquid KC1 (1680 — 1093)0.0165 =—- 9.6 
the heat of vaporization of KC1 = 38.84 


the heating of gaseous KCl (1800 — 1680)0.009 =*- 1.1 


The total enthalpy of KCl is 38 kcal/mole. 
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In the cited case, the enthalpy of the producta 1s comprised of the enthalpic 


KCI 1297-38 == 492 
CO, 9,17 + 74,99 =. 687 
CO 30,65:°14,55.. = 447 
HO 10,88°42.81° = (466 
Hy 9,17 + (—11,07) = —101 





Total 1991 kcal « 


The difference ‘between the product’ and substrate enthalpies is 1991 — 1975:= 
16 keal. 
. A difference in the ee up to 20 kcal is permissible; ecaete a’ the 


data of the firat approximation can be assumed to be correct. 


Calculation of the specific impulae 
Having an accurate decomposition equation, the mean molecular weight of the. 
combustion products M can be calculated and, for the purpose e calculating the mean 
adiabatic exponent k, the mean molar heat under constant pressure eS and at a as 


stant volume C) . 





The mean molecular weight of the combustion products is: 


See 


2443 


72.84 " 3355 


MeZe 
n 





where: m= the weight in grams of the conaidered amount of burned propellant (in 


our case, it is 


; mol. Wt. Cog goo 10, + 12.97 KC1O, = 2443), 


n = the sum of the evolved moles of gas. 
The values on and ce for 1800°K are calculated fron the equations given in the 


tables for the individual pases’. 





Ase page 86. 





ey eile! 


Cy co, = 7,7 + 5,3 * 10-3 1800 ~ 0,63 - 10-8 18002 = 14,48 


Cy cu ™ 8,8 + 1,2+ 10-3 - 1800 818 
Cyno = 7,2 + 2,7° 10-3 1809 == 12,07 
Cy n,= 8,82 4- 0,21 + 10-7 1800 = 8,08 j 
Cy xci= avproximate value {15} =. 9,0 
Bimal Gy 

p mean n { 


fs 9,17 ° 14,46 + 30,65 + 8,76 76 + 10,80 +, 12,07 4 9,17-+ 8,08 +9 + 12,97 


. 72,84 I? 
© mean = 10.07 C= 10,0700 —~ 1,9872 = 8,0828 : 

=) 
ee OO 1 
C, 38,0828 | 


By substituting all the data into the equation (1.25), we obtain: 





ee. | “ey Ea ea] t 
om yi of 246 “(427 1 19872) « W800 ff 1 tae 
/ area 33,55 70, pes 











After carrying out the computations, | 
I, = 164.7 sec, | 


Similar compositions tested in practice furnish an impulse close to the above 
value, whereby it can be greater with combustion under higher pressure. The maxi- 


mum I, for propellants of this type is attained at a pressure of about 85 atm. 


1.4.2. Treatment of the results of experimental investigations 

Studies on solid propellants axe usually carried out in chambers with a nozzle iy 
measuring the force of thrust and pressure in time. The apparatus for these meas- | 
urements is comprised of the following basic parts: combustion chamber, gauges to 
gather and record the measured parameters and a recording apparatus. The combustion 
chamber may be in a horizontal or vertical position during the measuring. In addi- 
tion to the nozzle, a chamber of this type shculd have openings for the pressure 
gauges (one at the bottom and one at the nozzle) and pressure relief valves, which 


oper when there is an unexpected, excessively violent pressure increase. The 


50 








gauges can » quite divergent; most ee ae gauges used are those 
which induce an electric bia oh i.e., induction, piezoelectric, capacitative (con- 
denser-type), tensometric and others. The mechanical aad optical gauges constitute 
another type. The registering apparatus in the case of gauges producing electric 
impulses is usually a multiloop oscilloscope. 

For example, a charge in the shape of a tube, with dimensions: D = 41 mm, d= 
8 mm and 1 = 128, and with a weight of 300 g, is burned. Chamber dimensions: ‘in- 
ternal diameter = 44.5 mm, length = 162 mm, and the critical diameter of the nozzle, 
10.3 mm. A pyrotechnic peter (3 g) with an electric igniter ifrueaa. The time, 
pressure and thrust is measured. Figures 1.6 and 1.7 illustrate the pressure and 
thrust curves. , ; 

The combustion time, the average and maximum combustion pressure and the aver- 
age and maximum thrust are evident from these ae) From this combustion curve we 
caa calculate the total impulse, specific impulse and burning rate and it is possi- 
ble to determine the numerical dependency of the burning rate on the pressure and 
temperatuve at various pressures and temperatures. The combustion time resulting 
from the curve at the known scale of the registering apparatus is about 0.42 sec- 


onds. We calculate the mean combustion pressure with the equation 


f 
fpat 
ry 


Pay 


In our case, the surface area under the p(t) curve in Figure 1.6 is? 1680 _ 


and the pressure scale, 4.75 kg/cm’. The time scale is 0.2 : 37 = 0.0054 sec/m. 
By substituting these data in the above equation, we obtain 


~ 1680 + 4.75 +> 0.0054 


2 
Bay 0.42 = 102.3 kg/cm’, 


5see page 36. 





The maximum combustion pressure results directly fromthe curve and customary 


scale: 4,75 +35 = 166 kg/cm”. 
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Figure 1.6. Pressure curve over time, regis- 
tered on an oscilloscope during combustion 
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Figure 1.7. Thrust curve over time, regis- 
tered on an oscilloscope during combustion 


Similarly, the average and maximum thrust is calculated from the thruat curve 





‘ 
fF de 
Fen as aye 
av ~ er et 

which is the total impulse divided by time 

£ 
t= §r-de = 2180 Cane ay *:) . 0.0054 = 50.6 kgsec 
0 
’ surface area scale of time 
under curve thrust force scale 
2 kg/mm sec/mm 


m 








t 
{ 
H 
i 


Z , 30.6 | 
av t 7 0.42 SG ke 


F = 6.3°37 = 159.1 kg 
max 


: 7 wy, 30:6 ke sec.) 
Tue specific impulse I, = 0.3 kg 168.7 sec 
















The burning rate results from the thickness of the combustion layer and time. 


In our case 


41-8 


aaa = 19.6 mm/sec = 1.96 cm/sec 





re 


1.5. Erosive Combustics 

The considered bucning rate dependencies on the basic parameters (pressure and, 
initial temperature) refer to the frontal combustion. In th2 veritinng of charges 
having such a form that a gas stream flows parallel to the combustion walls, the 
burning rate is a function of other factors also. One of these is the speed of the 
flowing gases. In the case of erosive combustior., there are, of course, various 
mathematical approaches, but ail are based on a similar interpretation of the mech- 
anism of the effect. In order to support combustion, the surface of the propellant 
must receive heat, by means of which its temperature is raised to the temperature 
of ignition. At the surface of the propellant the heat traverses the initial gasi- 

A fication zone, in which the first combustion stage occurs. 


The gasification zone is a few hundredths of a millimeter thick [17] and is 





sometimes called the transition stage or zone [138]. The heat of the flame zone, in 
which the main combustion process occurs, passes through this zone. The linear 
burning rate of the propellant is a function of the amov.t of heat furnished. The 
heat passing through the transition zone is supplied by conduction, xvadiation and 
convection. 

When there is a parallel flow of gases along the combustion surface, thermal 


‘ 
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onduction begins to assume a greater significance by convection. Heat convection 
is proportional to the speed of the flowing gases. This speed increases over the 
length of the fuel charge from the front side to the nozzle discharge. Hence, the 
combustion erosivity increases along the charge, beginning from the bottom section 
of the chamker to the discharge section. It is well to first consider the experi- 
mental methods of determining the erosive combusticn and then to proceed to the 
mathematical approach to the problem. Experinental methods of erosion determination A 
are quite divergent, as are the mathematical methods of solving this problem. All 
theoreticsl calculation methods yield results that are more or less in agreement 
with the experimental results. The difficulties involved in the equivalent ctheoret- 
ical approach and in the treatment of universal experimental methods arise from the 
fact that the burning rate is simultaneously dependent on a great many factore which 
act mutually and cannot be considered individually to the exclusion of the others. 
These factors are, e.g., pressure, initial charge temperature, flame temperature 


during combustion, heat of explosion, combustion product composition, the velocity | 


of the gases flowing parallel to the burning surface, etc. | 


1.5.1. Experimental study of erosive combustion 
Double combustion chambers are used in the experiments. In one portion of the 
chamber only gases causing erosion are formed; in the other, specifically, in the 
tube connected with the first ren are found the samples studied. The pressure 
in such an engine and the gas discharge were varied by satyine the critical cross 
tional area of the nozzle and the size of the grain producing the gas streams. 
fhe propellant samples studied had the form of short cylinders burning on the in- 
side, tablets, bars and inserts in the form of the nozzle. Composite fuels wate in- 
vestigated (Table 1.3). 1t is evident from the Table that propellants containing 
verving amounts of oxidizing substances, thus having varying energy contents, were 
studied. In this manner it was possible to study the erosion at different combus- 


tion temperatures. Interpretation of the results is made more difficult, however, 
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because together with the energy content of the fuel, the mo’ecular weight of its 





peice 


stion products, the thermal conduction of the fue], the burning rate without 
erosion, etc. are changed. In connection with this, it is quite difficult to deter- 
mine which of these factors is decisive in varying the magnltude of erosive combus- 
tion. Nevertheless, the results obtained are quite interesting and are cozparable 
to those obtained with many other methods of experimentation. This substantiates 
the va.idity of the chosen method. 

X-rays are used in studying the changes in grain dimension in time. The dia- 
gram of the chamber and the apparacus for measuring the changes in size of the stu- 
died charge is given in Figure 1.8. In a separate engine the basic charge after ig- 
nition produces the gas stream which flows through the cylinder of propellant stu- 
died. After a definite, arbitrarily chosen period of time, an x-ray of the studied 
cylinder is made. In this manner the specific increase in the internal diameter of 
the cylinder during a definite period of time is obtained. From this we obtain the 


burning rate. 





Figure 1.8. Chamber for studying erosive combus- 
tion. Key: 1 = engine; 2 = basic charge; 3 = 
pressure gauge; 4 = photographic film; 5 = the 
studied cylindrical charge; 6 = x-ray scurce; 7 = 
nozzle; 8 = steel cylinder. 
When the average pressure in the considered period of time and the burning 
rate of the propellant without erosion under this pressure are known, it is possible 


to determine the erosive combustion rate. 


The burning rate of the fuel without erosion is determined in the so-called 
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Crawforc bomb (Figure 2.1}. The determination here is based on tae determination of 
the burning rate of the bar of fuel which is burning only on the front surface, 
In the testing arrangement for erosive combustion, s small window of quartz 
sheets, to which a tablet of fuel is made to adhere, can be used Instead of x-rays. 
After burning the tablet (having a known thickness at a known mean pressure), ap 
emitted light signal indicating the end of combustion is registered by a photocell. 
A When the ignition time and the time the burning is complete are known, we have the 
burning time, which permits the calculation of the mean total burning rate and from 


this we can calculate the erosive burning rate 
Eee or, (1.27) 


The results of the summary measurements of the burning rate of the tablets at 
various gas temperatures are given in Table !.4, It is evident from the table that 
the temperature of the gases in the stream can be varied from 1690°K to 2550°K in 


TABLE 1.4. THE RESULTS OF MEASURING THE TOTAL 
BURNING RATE IN EROSIVE COMBUSTION STUDIES 





Conditions Absolute burning 



































rate [cm/sec] Frontal 
—} burning 
1 
Propels anh gas yossure basic charge | basic charge | rate r 
velocity P with A with C [cw/sec} 
{m/sec} T, = 1690°K T. = 2550°K 
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0.29 + 0.01 0.30 + 0.01 0.26 
0.75 + 0.05 0.72 + 0.01 0.47 
0.38 * 0.02 0.39 + 0.02 0.26 





1.03 * 0.06 1.02 + 0.04 








is angement without changing the propeliant studied. The cited results show 
that a pressure variation has the greatest influence on the burning rate, the rate 
ot gas flow has a lesser effect and the temperature of the flowing guses has the 
east influence. The influence of the temperature is so slight that with a differ- 
ence of 860° the difference in the burning rate very probably remains within the 
limits of measurement error. The fact that in 7 combustion tests,a lesser burning 
rate was observed at higher temperatures in 2 cases serves to confirm this. 

The burning time cf the studied sample can also be determined by means of the 
pressure indicator. There is an opening leading to the pressure gauge at the site 
of adhesion of the studied tablet to the cylinder wall. When combustion is com- 
piete, the opening opens and the pressure impulse is transmitted to the gauge, which 
cecords the time of completion of the combustion. In order to study the erosivity 
of long charges, the tests are carried out with the propellant bars affixed to the 
cylinder, as with the tablets. The burning rate was studied at 2 points: at the be- 
ginning and at the end of the band. After calculation, it turned out that for a 
length of about 7 cm the rate of erosive combustion r, was 20-30% greater at the be- 
ginning than at the end. The results of the experiments performed are shown in the 

raphs in Figures 1.9 and 1.10. 

It is evident from the graphs that propellant C is only slightly subject to 
erosion at low pressures. It is interesting to note that the value of the total 
burning rate under high pressure is of the same order for different fuels, although 


their heats of combustion and frontal burning rates are quite divergent. 


Hence it is deduced that the re value is lower for propellants with a higher 


burning rate without erosion r As shown in the graphs, there is one definite 


0° 
boundary rate which is also a function of the velocity of the gas stream for such 
divergent fuels as these. 

In order tc study erosive combustion at gas velocities equal to the speed of 


scund, fvel inserts are used in the critical cross sections of the nozzle. The con- 


stancy of the nozzle cross section was regulated by a metallic encasement of the 
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Figure 1.9. Erosive combustion of propel- 
lant A. 
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Figure 1.10. Erosive combustion of propel- 
lant C. 
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Ozzie, ‘ihe rate of erosive combustion under these conditions was of the same order 
as with flat samples. However, in this case the streams of circumfluent gases were 
considerably different than the preceding ones and the temperature of the gases was 
considerably lower because of expansion. Here the deduction of the slight effect of 
temperature on the rate of erosive combustio.a was confirmed and it is assumed that 
tre gas velocity has a definite boundary value, above which the rate of erosive com- 
bustion does not increase with increasing rate of flow. " 
Erosion is also frequently determined by stopping the burning of the charge af- 
ter a definite period of time. For an experimentation of this type a rather long 
charge is taken and placed in a chamber similar to an ordinary rocket engine, but 
with an arrangement which makes it possible to open the chamber and eject the charge 
at any given moment. The extinguished charge has a different thickness of burned 
layer over its entire length -- a minimum thickness in the front portion and a maxi- 
mum thickness in the back. In addition, a chamber of this type has gauges for meas~— 
uring the pressure. The gas velocity for each point on the entire length is calcu- 
acted theoretically. Thus, it is possible to obtain all the data for calculating 
@ vate of erosive combustion as a function of the rate of gas flow and the pres- 
ure in the combustion chamber. A defect in this method is the inability to change 
he temperature of the stream withcut changing the studied charge. Therefore, if 
ve wish to take the temperature factor into consideration, the best we can do is 
study the combustion of the thermostatic charges beforehand at various temperatures. 
‘evertheless, this can not be taken to be equivalent to the temperature variation 
of the gas stream,because in this case the temperature of the stream changes due to 
sat furnished to the fuel ‘n order to bring it to normal temperature, but at the 
ame time the thermal corduction of the propellant, the temperature of the gases 
evolving in the studied portion, the conduction of the laminar layer, etc. are 


changed. 
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1.5.2. Mathematical treatment of erosive combustion 


In experimental works the following equation is often used for the burning rate 


with erosion 


recap"-+ Cuap™ (1.28) 


where: v = velocity of the flowing gases; 


C = a constant determined ou the basis of analysis of the results of many 
interrupted combustion experiments. 
Nevertheless, this equation is not precise and requires a great deal of experi- 


mental data on interrupted combustion. There are many variations of tne equation 


in this form. 


For example, C. Huggett [19] offers 


reer. (E+ Kv) (1.29) 


where: Pe = the density of the flowing gases; 


K = the constant characteristic for the given propellant. 


In other works [13 and 20] the following equation is offered 


OS vie 
Cp as ay (1. 30) 


where: a 


£ the speed of sound in the combustion products at flame temperature Te: 


kK = the constant characteristic for the given propellant, or 


m 


Ty Mn 
B m 


(1.31) 


where: m * the mass velocity g/en sec; 
m* = the critical mass velocity when M = 1 (M = Mach number). 


However, none of these equations furnished satisfactory results when compared 


with experimental data. 





artnet 








Derivation of a suitable equation i: based on the a priori assumption of the 


general equation: 


rie ee fore (1532). 


where: r = the summary burning rate, 
re = the rate of combustion without erosion (a function only of the pres- 
sure p), 
pate the erosive rate of combustion. 

The following procedure is employed to derive the special cquation: 

The central stream of combustion gases is enveloped by the so-called primary 
combustion zone, also called the gasification zone (the zone is a few hundredths of 
a millimeter in thickness), and this in turn is surrounded by the fuel zone. The 
gasified propellant is continuously diffusing from the fuel to the gas stream. 

These gases enter the stream at right angles to the direction of motion of the 
stream and with a mass velocity equal to the product of the burning rate and ‘he 

uel density. The influence of the stream velocity on the burning rate de.ends on 
acilitation of the heat exchange from the flame to the propellant surface and on 
the influence of friction itself in the mechanical sense. Because friction and heat 
conduction are both functions of these same parameters of the flowing gases, only 
the heat conduction is considered here in the simplification. This conduction as 

ll as the friction between the stream and the surface are reduced by gas diffusion 
rom the surface of the fuel. The diffusing geses act as a lubricant by reducing 
the friction of the gas stream on the walls of the fuel. The relationship of the 


oefficient of heat conduction with diffusion h to neat conduction without diffusion 


is expressed by the equation 


he lye he 


where: 6 = the uniform experimental constant; 
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Q = the mas velocity of the diffusing gas; 
G = the mass velocity of the combustion products. 
The erosive rate of combustion is proportional to the heat conduction coeffi- 


cient. Accordingly, by substituting (1.33) into (1.22) in the developed form, we 


obtain 
== ap" -+Khg ee" (1.34) 


where K = the coefficient of proportionality. 
The coefficient of heat conduction without diffusion (with the stream flow over 


the stationary plane) is calculated from the empirical equation 
hy ~ 0.0288 Ge, Re © Pro? (1.485) 


where: = the specific heat of the combustion products under constant pressure, 


Re = the Reynolds number reckoned from the beginning of the strean’, 


el 


Pr = the Prandtl nunberes 


After substituting (1.35) in (1.34), we obtain 


resap™ = K+ (0288 GepRe %? + prerete mye (1.36) 


After substituting the expression Re = GL/ug for the Reynolds number and by 
designating the power exponent £Q/G by z, we obtain 
reap" » (0288 ert Peery K : (1.37) 
Ie 
where L = the length meusured from the front portion of the grain. 
The combustion products of many solid propellants hsve approximste viscosities, 


Prandtl numbers and specific heats. Therefore, we denote the expression in paren- 


theses with K by one symbol 


6,7 
See page 86. 








a = (0.0288 c,187 + Pr&?) Zo, (1.38) 


As a result, equation (1.37) has the form 


OB 
Pes oph} ow (1.39) 


Lh tet 


As a result of the luoricating ; .cion of the diffusing gases, when the burning 
rate is high, z is large (in connection with the large Q value); then the erosive 
comoustion for fast-burning fucls is insignificant, which is in agreement with ex- 
perimental data. 

The constants % and & (in the expression for z) are calculated by the method of 
tests and comparisons with experimental data obtained by measuring tne velocity of 
combustion products in the critical cross section of the nozzle. However, this 
method is very laborious and the calculations can be performed only with the aid of 
computers because of the large number of variables. 

The coefficient a can also be calculated theoretically, beginning with the heat 

alance of the heat passing from the flame to the fuel. Assuming that ao exothermic 
r endothermic reactions take place in the solid propellant during heating, the heat 


balance i: vepresented as follows: 


R(T. — = cee (1.40) 
( £ T,) rele, (7, 1] 
where: T, = the flame temperature, 
T = the surface temperature of the burning fuel, 


9 = the density of the fuel, 


Cu = the specific heat of the solid fuel, 


cx 


The expression in brackets represents the amount of heat absorbed by the fuel 


tne initial temperature of the fuel. 


withuut the appearance of erosion. 


Frem the last equation, we obtain 








































A(T, = T,) h (T, ¥ T,) 


Le, —__ —_E. 
e Os ais Pen (Z, T)) 


(1.41) 


Assuming that te Kh in equation (1.34), then 


t Sia ee 1 (> ty 


ay es (1.42) 
h Poa (T, TT). 
By substituting this K value in equation (1.38), we obtain 


0.0288¢ yo*2pr0*67 (q@_ —  ) 
a ore a ee, (1.43) 
Pe sp s 1 

In the case of combustion without erosion, we determine T, by using the equa~ 


tion 
n 
v= ap 


where the dependence of a on the temperature is expressed hy the equation 


In order to eliminate the unknown b, a is designated for 2 temperatures, e.g., 
+70°C and ~40°C. Then 


G20 20 Ste) 


a—40 §«(%—Tia) 








where only T, is unknown. 


In this manner the principal unknown K in the equation (1.34) is expressed by 


the corresponding set of temperatures. The other values that enter into the equa- 
tion for a are known if the composition of the combustion gases is known. (The com-- 
position of the combustion gases can be calculated theoretically, using the method 


given in section 1.4.1.) 


In this manner the calculated values a are close to the values calculated by 
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the trial metncd. For example, when a, calculated by the last method equals 2.25+ I 
107%, a calculated by the trial method equala 2.12-1074, If we compare the results 
of the above-meutioned experimental method with the data reaulting from the theoret- 
ically determined dependence, we find that the influence of the stream velocity on 


the burning rate in both cases ia consistent approximately. On the other hand, a4 


| 
b 
I. 


quite difergent temperature influence is observed. If we observe an insignificant 
temperature influence on the boring rate in the results of the experimental method, ° 
a quite significant temperature influence on the rate of erosive combuation wlll re- 
sult from the derived equation. 
The erosion over the entire length of the 100-cm charge is calculated and the 
erosion on the same charge when extinguished is measured on the basis of equation 
(1.39) [17]. The change in the cross-sectional area of the channel over the entire 
length (915 mm) of the grain, determined by calculation and measured after the 


grain is extinguished, is given in Figure 1.11. The initial cross-sectional area 











Channel cross~sectional 











length 1 [mm] 


Figure 1.11. The results of interrupted 
combustion. The crosa sectional area of 
the channel is a function of the charge 

length. Key: (a) = calculated and (b) 

= measured. 





of the channel is 13.6 one with a critical nozzle section area of 13.9 me the 
burning time is 0.45 seconds and the diameter of the charge is 127.5 mm; the burning 
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rate at the beginning of the charge is 1.44 cm/second. 


1.6. Resonance Combustion 

During the burning of solid propellants it happens that an unforeseen pressure 
jump occurs in the combustion chamber under certain conditions. This phenomenon is 
so unexpected that it occurs unger combustion conditions that aovuré an equilibrium 
pressure in the chamber, under which another charge of tie same fuel would burn 
well, This effect is called resonance combustion and is the result of an abnormal 
increase in the burning rate of the fuel. The resonance combustion effect occurs 
most frequently in the case of cylindrical charges. The pressure peaks which ap- 
pear during resonance eidbont ese can lead to a splitting of the grain, which in turn 
leads to destruction of the engine. 

In experimentation, characteristic waves (an alternately rough and smooth sur~ 
face) resembling standing waves are observed on the surface of the charge (particu- 
larly inside the channel) which had been burned under resonance combustion condi~ 
tions, after it was extinguished. Thus, this suggests the assumption that the un-~ 
stable combustion is caused by some resonance effect. This gave rise to the name of 
the phenomenon and established the orientation of studies on this effect, aimed at 
the detection of all possible vibrations occurring in the coluwn and which may con- 
jugate in the gas chamber. 

number of studies on the causes of the resonance phenomenon led [22,23] to 
the discovery that resonance combustion is caused by the formation of high-frequency 
pressure os ‘llations (fluctuations). These oscillations, which are difficult to 
detect on the ordinary gauges; used in measuring the pressure curve in the combustion 
chamber, cause an increase in the burning rate of up to 150% under pressures above 
120 atm [23]. Consequently, the equilibrium pressure in the combustion chamber is 
disturbed and this can be recorded on any gauge. 

R. P. Smith and D. F. Sprenger [22] used an apparatus capable of measuring 


pressure fluctuations with frequencies up to 25 kilohertz in the chamber in their 
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experimentation, On che basis of their. studies, they came to the conclusion that 
perturbations in the equilibrium pressure are slwsys caused by oscillations having a 
high frequency and amplitude. These studies ghenri bed a whole series of combustion 
tests on efltadeical charges inhibited on the outside and on the frontal surface 80 
that combustion took place iy on the aaa surface. The charge was 50 cm long, 
the external diameter was about 6 cm and the internal (initial) dismeter, 4 cm. 
During the burning of this charge, its internal diameter increased. By measuring 
the oscillations in the gas column, it wes learned that the frequency of the oscil- 


iations decrease with increasing diameter of the internal chaanel of the charge 


(Figure 1.12). 
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Figure 1.12. The dependency of the oscil- 
lation frequency on the opening diameter 
during unstable combustion. The experimen- 
tal pounts were determined by various su- 
thors [13]. Key: the continuous line = 
theoretical data calculated with the equa- 
tion 


At the samc time, calculations of the frequency of the specific oscillations of 


the gas filling these tubes were performed for the same type of tube, which formed 


the successively burned charges. The variation in the oscillation frequency with 


the change in opening diameter was in agreement with the theoretical calculations of 


the frecuencies of the oscillations specific for the gases in the cylindrical space. 
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The same type of oscillations are present in a pipe organ. They are longitudinal 
waves, which may have a tangential, radial and axial nature. The specific oscilla- 
tions in the tube are combinations of all these types of oscillations; however, it 
was determined that tangential oscillations predominate. 


The frequency of the oscillations of each type can be determined {22} from the 


equation 


re ; y/ (a) f ey (1.44) 


where: m, n, q = the wave numbers (all positive or zero) corresponding to the tan- 
gential, radial and axial waves; 
a = the speed of sound in the considered medium; 
en = the constant dependent on the m and n values; 
R and L = the radius and length, respectively, of the considered oscillating 
space. 
In some cases it was learned that only one oscillation, corresponding to m = 1 
and 1 = 0 (q = 0), was present. In another case, oscillations corresponding to the 


first 5 values of m were detected. It is evident from this that in studies on the 


formation of resonance waves along the burning charge, particular attention should 





be devoted to the tangential-type wave. The frequency of this type of oscillation 


TABLE 1.5. THE VALUES OF THE CONSTANT a 
AS A FUNCTION OF THE WAVE NUMBERS m, n 





Values « 
mn 


is not a function of the length, but only of the wave number m, the radius of. the 


tube and the speed of sound in the medium, which can be expressed by th equation 


Atm 


% = -- e 
aun 
These same authors studied the oscillations in the ring section space. The 


frequency of the tangential oscillations for this space is determined from the equa- 


tien 


Fees 
(Ri + Ko) 
where Ry and Ro are the internal and external diameters of the ring. : 

The latter equation is valid when Ro/Ry > 4, which is verified also by experi- 
mentation. Because the sun, Ro + Ry» does not vary during combustion in the ring 
section space, the frequency of the tangential oscillatious is also a constant. 

Seme of the conclusions of Smith and Sprenger are confirmed in more recent pub- 
jications [23], where it is also stated that no transverse, but only longitudinal 

ves were detected in the engine. It was also learned that sound vibrations have 

ro decisive effect on the combustion stability. In this manner Smith and Sprenger 
(22) quite comprehensively studied and mathematically treated the high-frequency os- 
cillations occurring during combustion as a cause of the so-called resonance combus- 
tion. Nevertheless, 2 principal problems of tnis phenomenon have not yet been ex- 
piained [29]: (1) the causes of the high-frequency oscillations have not been ex- 
lained thoroughly aad with complete certeinty; (2) the mechanism of such a substan- | 
cial increase in the burning rate, whicn is considerably greater in the case of res- 
onance vibrations than that calculated with combustion laws for the average pres- 
sure, has not been adequately explained. 

At the present time there are many publications dealing with study methods 
leading to the detection of the causes of resonance combustion. However, there is 


still no generalized opinion nor is thre even a precise quantitative approach te 
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this problem. Tne reason for this lies in the fact that there are a great many 
parameters, upon which the high-frequency vibrations causing the resonance combus- 
tion can oepend, e.g., the composition of the fuel, its structure (colloidal or 
composite), the geometry of the charge and chamber, the combustion pressure, the 
burning rate, the heat value of the fuel, etc. It has been learned that, in gener-~ 
al, fuels with a high energy index, such as ballistes, propellants containing 
NH,C10,, etc., are much more prone to unstable combustion than fuels with a lesser 
energy content. Nevertheless, as experimentation has indicated, this factor alone 
is not sufficient. 

Some authors are of the opinion that the tendency of the fuel to burn unevenly 
increases with increasing burning rate. However, it has been shown that the burning 
rate cannot be an unequivocal index of the tendency of the propellant to resonance 
combustion either; for example, fast-burning KC10,-based propellants are less prone 
to unstable combustion than slow-burning NH, C10, -based fuels. Moreover, the burning 
rate increases witb increasing energy indices; therefore, it is sometimes difficult 
to determine which is the cause of combustion instability: the energy indices or the 
burning rate. 

In the case of composite propellants, the unstable combustion can be a function 
of the granulation and crystal structure of the oxidizer crystals. However, the 
burning rate varies with varying granulation of the oxidizing substance. Therefore, 
it is difficult in this case also to determine whether the granulation or the burn- 
ing rate is directly decisive in the tendency of the fuel to resonant combustion. 

In one of numerous studies an attempt was made to determine whether and how the 
concentration and size of the oxidizer crystals in composite-type propellants influ~ 
ence the generation of resonant combustion [23]. Propellants, in which NH,C10, 
crystals constituted the oxidizing substance, were subjected to testing. The first 
series of tests were designed to study the cffect of the percent of oxidizer content 
on combustion instability. The perchlorate granulations were close to the technolo- 


gical limits of possibility. Four propellants were studied (Table 1.6). The 





TABLE 1.6. THE PROPERTIES OF PROPELLANTS STUDIED FOR RESONANT COMBUSTION 










Propellant 


Total amount of oxidizer, % 
Density, gicm* 


Mean molecular weight of the 


“ combustion products 


Heat of explosion, cal/g 
Specific impulse, kg*sec/kg 


granulation ranged from a few to 300 microns. Propellant A had the finest crystals 





and propellant D the coarsest. Because of the difference in granulation, the burn- 
ing rate of all the fuels was approximately identical. Combustion tests showed 
that propellant A does not e:hibit the property of irregular combustion; on the 
other hand, the fuels with greater energy values (B and C) exhibit irregular combus- 
ion toward the end of burning. In propellants B anc C, secondary pressure jumps 

observed on the pressure curve over time. In contrast to the primary jumps (ig- 
nition jump), they are caused, as the authors have concluded, by a nonuniform blend- 
ing of the mass during production of the propellant. i 

The possibility of a nonuniformity of this type is less in fuels with a greater 
NHC1O, content, because here there is a maximum amount of oxidizer in the entire 
mass. The authors explain the greatest regularity of combustion of propellant D on 
the basis of this, among other factors, in spite of its being the most energetic « 
fucl. The lower burning rate of propellant D in comparison with propellant C could 
be ancther factor affecting the regularity of combustion. Accordingly, the rate of 
energy release in propellant D was comparativciy low. This latter factor (rate of 


energy release) is considered by the authors to be the most important because it 


comprises the energy content, burning rate of the propellant and the composition. 





Another series of teste embraced the study of propellants with identical energy 
contents (all with 76% NH,C10,) but with distinctly different granulations (Figure 
1.13). This test series demonstrated that the propellant with the finest granule 


size (J) exhibited the highest burning rate and the greatest tendency to irregular 
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Figure 1.13. Granulation (comminution) 

of the oxidizing substance of propellants 

studied for resonant combustion. 
combustion. Propellant H burned considerably more regularly. When the propellant 
with the largest crystals (I) was burned, it was noted that there was an excessively 
high pressure in the initial combustion phase in some charges; this can be explained 
by the nonhomogeneity of the propellant, which is difficult to achieve, particularly 
with the large crystals. Accordingly, the conclusion drawn from the first test se- 
ries is confirmed in the second series, where propellant J has the highest rate of 
energy release and therefore has a tendency to unstable combustion; thus, the influ- 
ence of the heat value, burning rate and structure of the propellant on unstable 
combustion can be replaced by one indicator: the influence of the rate of energy re- 
lease. Therefore, it is useful to specify the rate of energy release (in kcal) from 
a unit of surface area per unit time when giving the properties and parameters of 


the given propellant. This individual] value could be considered as a certain index 
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of the propensity of the propellant to resonant combustion. Obviously,“ this value 
should be related to the pressure and other conditions corresponding to stable com- 
bust.on. 

As already stated, the geometry of the charge and the combustion chamber also 
has an effect on the combustion instability. It was found [19] that the resonant 
combustion phenomenon occurs most frequently, although not exclusively, tn cylindri-~ 
cal charges. Resonant combustion depends on the location of the critical point, 
among other factors, at which the gas velocity is equal to zero. This is explained 
by the fact that if some perturbations in the pressure arise at some point where the 
gas velocity is high, the vibrations will be carried outside of the charge even be- 
fore high amplitudes appear. The time required for the formation of such amplitudes 
is sufficiently long at the point of zero velocity and near it. The critical point 
always develops in the case of cylindrical grains. The gas fraction developing on 
the combustion surface travels in the direction of the nozzle via the space between 
the chamber walls and the external walls of the charge while the other fraction pro- 
ceeds through the central channel of the charge. The point of zero velocity is lo- 

ited at the site of origin of there two gas streams. As a function of the dimen- 
ons of the charge and chamber, this critica] point can be placed inside the charge 
coening, at the bottom of the chamber (behind the charge) or in the space between 
che walls of the chamber and charge. This depends on the relationship of the com- 
ustion surface to the cross-sectional area of the channel and the space between the 
chamber wall and the external wall of the charge. 


If the inequality is maintained 


all s ad, 
a n 
Di Ud —d 
a (ah 4) ri 
where: L = the length of the charge; 
Des Dd, = the diameter of the chamber and the external diameter of the 


charge, respectively; 











d = the internal diameter of the charge, 
then the fraction of gases evelving on the external walls of the grain must pass 
through the central channel in order to achieve the conditions of an identical xratic 
of burning surface to discharge surface everywhere. The zero gas velocity point for 
these conditions is located in the space between the walls of the chamber anc the 


charge (Figure 1.14). 





Figure 1.14. The effect of development of 
the zero gas velocity point. Key: 1=# 
zero velocity point on the periphery of 
the charge; 2 = the gas stream; and 3 = 
the charge. 


In the other case, if the inequality 


aL 3 adi. 
SO, 


wt - N}) - d? 
is maintained, the fraction of gases from the central channel will travel out 
through the space between the walls of the chamber and charge. In this case the 
zero gas velocity point lies inside the charge. As demonstrated by experimentation, 
such a situation is highly disadvantageous. Sometimes, it may even occur (24] thar 
this is the only case in which resonance vibrations develop in the cylindrical 
charge. Gases at the critical point, located in the charge opening, readily lapse 
into resonance vibrations, which in turn give rise to a more rapid combustion and 
thereby a pressure increase which may lead to destruction of the engine. Sometimes 
these vibrations cause a disintegration of the charge grain and an explosion (when 
the mechanical strength of the grain is insufficient). The zero velocity points can 


also cause resonant vibrations, even in the first case; however, experimentation 
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[19] has shown that explosions then.occur more rarely. 


The third possibility is the lucation of the critical point at the bottom of 


the combustion chamber. Thia occurs when 


DL =f adh 


4 4 
= pt — np ad? 
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It was learned by experimentation that it is passaute to prevent resonant com~ 
bustion by boring radial holes in the grain, by placing a noninflammable rod in. the 
channei and by employing a channel with a nonround cross section. all these data 
are used in rocket technology but they do not explain the real reason for vibration 
development in the combustion center. Of course, it does explain [25] the genera- 
tion of more powerful vibrations from small perturbations, but it is difficult to ex- 

iain the origin of these small disturbances, probably because the causes are mani- 
fold. 4H. Grad suggests that a slight pressure increase leads to a localized in- 
crease in the burning rate, which in turn increases the pressure, which maein causes 
an increase in the burning rate, and so ferth. In this manner, if only pressure vi-~ 
orations arise, their amplitude increases continuously with time. Another question 
which we have already mentioned and which has not yet been fully explained is the 
increase in the Suend ng rate (not proportional to the pressure) during resonance 
combustion. It is~ generally possible to explain this by the fact that heat conduc- 
tion irom the flame to the propellant increases with the appearance of the vibra- 
tions, and then the burning rate increases not only because of the increase in the 


mean pressure but also because of the rise in temperature of the charge surface. 


1.7. Discontinuous Combustion ("Sneeze") 
In the propellant combustion process it is observed that if the pressure in the 
rocket motor falls below a certain critical value, it immediately drops co atmos- 
pheric pressure and combustion ceases. After a fraction of a second or after sever- 


al seconds, combustion resumes and the entire process is repeated. This phenomenon 











resembles sneezing, thus its neme. 

"Sneezing" occurs psrticulsrly when the critical nozzle cross section (throat) 
is too large in relation tothe burning surface of the charge, and specifically 
when this throat size produces a pr2ssure which barely. resches the above-mentioned 
critical pressure. In this case, even slight perturbations cause sudden pressure 
drops to the atmospheric value, heat does not flow from the Goubeettal zone to the 
charge and the charge becomes extinguished. However, the temperature of the exter- 
nal layers will stili be sufficiently high for a certain period of time. In addi- 
tion, certain exothermic reactions occurring in the subburface zone aa heat trans- 
mitted from the engine walls cause renewed ignition of the propellant. “The combus= 
tion on the heated layer of the propellant proceeds sufficiently intensely; however, 
when only this external layer is burning, the burning rate decreases, the pressure 
in the engine drops and the cycle repeats itself. Although the privet cause of 
this effect lies in the pressure drop below the critical point, renewal of ignition 
depends on whether the transformations taking place under the influence of tempera- 
ture ir the subsurface zone are exothermic. Thus, the phenomenon essentially i 


pends ilso on the chemical composition of the propellant. 


1.8. Geometry of the Charge 

Solid propellant rocket engines have their principal characteristics, such as 
the work time, magnitude of thrust, combustion chamber pressure und others, deter- 
mined by the respective configuration of the charge. It is weli known that the said 
characteristics are dictated in liquid-fuel engincs by auxiliary mechanical devices 
which regulate the fuel supply to the combustion chamber. The absence of these aux- 
iliary devices in solid-propellant engines is ‘one of their advantages with respect 
to liquid-fue) engines. However, it should be remembered that the same problem of 
determining the characteristics of the engine remained but it was transferred from 


the engine construction itself to the propellant. 


The respective performance characteristics of the engine are taken into account 





in designing the configuration of the propellant. Therefore, the design of the fuel 
charge for solid propellant engines‘is a problem of .extreme importance. “In each 
chakee configuration design, the propellant mass must fulfil the conditions defined 
in the so-called combustion law of fuels (powders). This.iaw states that the’ pro- 
pellant must burn cver the entire available surface in layers parallel to the pri- 
mary configuration, i.e., the burning rate is identical over the entire — 
The fulfillment of this condition must be achieved in the technological: process of 
the propellant by making it homogeneous and avoiding air pockets. . The technological 
processes employed to achieve this are described in subsequent chapters. 

The existing charge configurations can in general be divided into 3 types with 
respect to surface changes during combustion: (1). combust: lon with:a.practically 
constant combustion surface, (2) combustion with a decreasing. combustion surface 
area (degressive), and (3) combustion with an increasing combustion, surface area 
(progressive). 


Change of the combustion surface in time is evident in the pressure and time 


curves in Figure 1.15. 


—_ 
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pressure 


time 


Figure 1.15. The basic combustion types. 
Key: 1 = combustion with a constant burn~ 
ing surface area; 2 = progressive combus- 
tion; 3 = degressive combustion. 
The curve for the charge with a constant combustion surface area indicates that 


the pressure is constant for practically the entire pericd of time. This is very 


desirable because the engine functions reliably only if the maximum pressure is less 
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than the maximum permitted and greater than the minimum alloved (in the. case of the 
minimum pressure). Thus, in practice it te still highly desirable to achieve @ con- 
stant combustion surface area during the entire-work time of the engine. 

The desired combustion surface area and its time change curve can be achieved 
by: (1) selection of the duce ice surface shape of the prope lian’ charge and 
(2) cover ing some surfaces of the charge with a special noncombustible layer which 
inhibits burning ef the charge on ‘these cursory in other words, a so-called arnor 
plating or shielding of the charge. 

The noncombustible material used for the shielding is called an inhibitor. The 
most typical charge configurations-and their respective pressure-over~time curves 
are ieee in Table 1.7 (12 examples). A great many geometrical configuration com- 
binations are possible. Each propellant charge configuration has its advantages and 
disadvantages which are correspondingly exploited to best advantage in engines for 
various purposes. The charge in the form of a solid cylinder is seldom used because 
of its distinctly degressive combustion, and this only in connection with a dis- 
tinctly progressive charge ‘example 7). Charges that are only ead-burning , (example 
2) are used in engines with a small thrust and a.long work time. Engines with such 
charges are used as sustainer motors in two~stage rockets. In order to achieve 
greater thrusts, these motors have a large chamber diameter and a quite substantial 
passive weight (due to the strong heating effect the chamber walls are thick). In 
addition, this engine has the disadvantage that its center of gravity shifts during 
operation, which is obviously reflected. in flight stability. However, this type of 
charge is frequently es particularly in the case of fast~burning’ propellants 
which furnish a rather large thrust because of their charging density®. All engines 
with charges burning on their lateral surfaces have a lower charging density and a 
shorter work time, but they can furnish large thrusts. Various lateral-burning 


chsrge combinations make it possible to achieve the most divergent pressure-over- 
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time characteristic curves. These charges can be of 2 types: (1) those wbicb do 
not protect the chamber walls against beat (examples 1, 2, 3, 4, 6, 8 and 9); and 
(2) those which protect the chamber walls against the direct action of tbe flame 
(examples 5, 7, 10, 1l'and 12). 

This fact is an important consideration because tbe strength of tbe walls 6e- 
creases abruptly with their increasing temperature. This situation occurs when 
there is no insulating layer between tbe combustion surface and tbe engine walls. * 
In such engines the chamber walls mus: be correspondingly thickened in order to have 
sufficient strength at high temperatures. This causes an increase in the passive 
weight of the rocket, which constituces an important disadvantage in this type of 
charge. In the case of charges 5, 7, 10, 11 and 12, the chamber walls do not be- 
come heated because the flame his no access to them ah the end of combustion. 

The layer insulating the chamber walls from the flame bere is a layer of propellant 
and a layer of inhibitor (shieldin, factor). The combustion chamber walls can be 
thin, calculated with the strength cf the sea material. Thus, if we have addition- 
al stipulations to follow with respect to shielding and protection of the chaible 
walls against heat in designing the surface shape of the charge, the number of forms 
which may oe chosen is reduced. 

Modern rocket engines employ charges with configurations which protect the 
walls against heating and assure thrust constancy (examples 7, 10, 11 and 12). Con- 
figurations with cross-shaped and cigar-chaped cross sections and charges with a cy- 
lindrical-conical channel do not protect the chamber walls against heating, in spite 
of the fact that they have a shielding layer on the external lateral surface. i 

The combustion surface variation and thrust curves in time frequently are quite 
complex, e.g-, for the cigar-shaped configuration or that with a cyljndrical~conical 
channel, they depend on the angle of inclination of the cone, which must be differ- 


ent for cifferent length of overall charge in order to maintain combustion surface 





constancy. 


In the case of the configuration with a cross-shaped cross section shielded on 
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the projections, the combustion is progressive; in the unshielded case, the combur- 
tion is distinctly degressive. In connection with this, partial inhibitions of : the 
projections make it possible ‘to regulate the combustion curve at will. 

“Charges which burn internally and which have no projections on the circumfer- 
‘ence of the internal channel always have a progressive-type combustion; on the other 
hand, for charges which bura only on the external surface and have no projections, 

e the combustion is of the degressive type. Thus, when the problem of isolating the 
chamber walls from the combustion zone with a layer of charge was posed, it’was nec- 
essary to design a charge which burned exclusively from the internal side of the. 
channel with a constant combustion surface. In order to maintain combustion surface 
constancy, it is necessary to provide internal projections in the channel. This is 
why we have charge designs with star-shaped channels, with channels in the bith of a 
wagon wheel (example 12) and those with a number of channels. 

Mathematical calculations on the shape and number of the projections in the 
star-shaped charge channel constitute a rather complex problem, primarily because 
the number of cross-se-*‘onal channel configurations which assure combustion wets 
constancy is practically infinite. Therefore, the problem is solved by the trial 
and error method with the prior assumption of several parameters. A mathematical 
description of even the most common channel cross-sectional configuratious would ex~ 
ceed the beunds of this work. Data on some typical configurations are frequently 
given in tables or graphs [7]. ; 

In the case of configurations that do not assure protection of the chamber 
walls against heating, it is a simple matter to determine the geometrical depetions 


which assure the combustion surface constant. 





The most frequently used surface st.ape of this charge group is the cylindrical 


one. The surface area of such'a charge after shielding the frontal surface is 


j, Saab, 4D) 


Ay 


{ where: L = the length of the charge; 


. 








+ external charge diameter; 
oes internal charge diameter. 

Another frequently used surface shape of the charge group which protect the 
chamber walls against heat is the star-shaped form. Thus, cylindrical charges or 
charges ie a channel having a star-shaped cross section are most frequently refer- 
red to in deliberations on charge technology and on the combustion process. 

The length to diameter ratio can be different for both of these cases. Bow- 
ever, it appears that for an assumed length there is a certain optimal diameter val- 
ue at which the energy contained in the fuel will be most advantageously exploited. 
Likewise, there is a certain optimal length for an assumed diameter. When the 
Length is greater than the optimal, the percent share of the chamber weight in rela- 
tion to the fuel increases. Then we say that the engine has a large passive weight. 
if the charge is shorter than the optimal, the excessively large = a diameter in 
relation to the propellant weight causes a large air resistance to be posed on the 
rocket during flight, whereby the fuel supply is not exploited to the greatest ad- 
vantage in increasing the range of the rocket. This optimal length can be calculat- 
ed only after making allowance for the resistances encountered by the engine during 
fiight, chamber wall strength, specific weight of the chamber walls, the pressure 
reevailing in the chamber, etc. Thus, the problem of selecting the optimal length 
and diameter measurements of the rocket lies in the field of internal and external 
ballistics [7}. 

The magnitude of the external and internal diameters of the cylindrical charge 
must also be appropriately related to the diameter of the combustion chambey; this 
will be discussed in eubsequent sections. 

In the case of a charge with a star-shaped channel, it is assumed as a condi- 
tion of channel size that the thickness of the combustion layer e cannot be greater 
than haif the chamber radius Rye Only in exceptional cases is e equal to 0.7 Re 

Sometimes a charge that furnishes 2 types of thrusts can be used. A charge of 


this type is comprised of 2 layers of different propellants. First, the one iayer 
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is burned, furnishing a certain definite thrust (e.g., ‘sterting thrust) and then the : 


second. layer, which supplies an entirely different thrust (sustaining). Such a com 


binetion of 2 or even several different propellants morc can be used io ali 


the Seeige | surface shapes. 











Footnotes ; | 
to p. 34. The reader will find precise data on nozzle design in ‘nunerous. pub-. 
lications [7,30]. ; 
to p. 45. Sprawochnik Khimika. Gosudarstvenoye Khimicheskoye Izdatel" stvo, 
Moscow-Leningrad, 1952. 
to p. 46. Detailed deta can be fount in the book by W. Kozakiew!c: [30]. 
to p. 49. Kalendarz Chemiczny, Vol. 1, p. 422. PWT. Warsaw, 1954. “ 
to p. 51. Measured in the original. 
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where: D = the stream diameter; U = linear velocity; p = density; u = absolute 
viscosity; y = specific gravity; and A = kinematic viscosity. 

to p. 63. Pr = cyg/A, where c = the specific heat; and A = specific thermal 
conductivity. 

to p. 79. The charging density is the ratio of the charge mass to the chamber 


volume of the engine. 











2. PROPELLANT FOR THE ROCKET ENGINE 

Designing the surface shape of the propels: charge is intimately asaociated 
with the designing of the entire engine. Therefore, anyone working on problems .con- 
nected with the propellant must be at leaat eat ly fauiliar with this cesign- 

ing. 

In this section particular consideration will be giver to the parameters di- 
rectly connected with the propellant, and the indispensable formulae of internal bal- 
listics are cited without derivation but only with a complete description. Preciae 
information on the internal ballistica of solid propellant rocket enginea can be 
found in numerous foreign as well as domestic publications [30]. The externally and 
internally burning cylindrical charge is considered below as a classic example; it 
is the one most frequently used in the study of new propellants. 

The constants, Kk, Kh and J, are used in determining the combustion conditions. 


These constants are expressed by the following formulae: 





A A K A 
K =o. ¢ we. Fate 
I A? om A’ K A 
Pp cr n P 
where: Aey = the combustion surface of the charge; 
Le = 4, = Ano = the cross-sectional area through the channel of froe flow, 
in which: 
Ay = the cress~sectional area oi the chamber; 
40 = the cross-sectional area of “ne grain; 
Aur = the critical crosy-sectional area of the nozzle; 
KR = internal contraction* constant; 
x = contraction constant. 


All the Kp Ko K/K, relationships are determined for an optimal pressure in 





* 
Translator's note: We cannot confirm this. 
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the combuscic. chamber. 

The pressure at which combusticn is stable and which assures.a maximum total 
impulse with minimum engine weight is called the »ptimal pressure [7]. K, 8 deter- 
mined as a function of the grain type, the gas presstre in the combustion chamber, 
the form of the charge and other factors. The larger the K value, tbe greater the 
velocity of the gas stream along the charge and the more difficult it is to assure 
regular (stabie) combustion. The constants KR and KX are determined experimentally 
for the individual propellants and they are a linear function of the burning rate x. 

The burning rate r is determined in the so-called,Crawford bomb (Figure 2.1), 
in which a bar of the propellant is burned on the frontal.surface (the lateral sur- 
faces are inhibited) under conagaie pressure. Two wires which form 2 corresponding 
circuits in the timer are spaced in the bar a certain precisely-defined distance 
apart. The wires are designed so they burn off when the propellant bar is burned. 
When the first wire is burned off, the timer is set in motion and when the second is 
burned off, the timer stops. The burning rate r is calculated by the distance be- 
tween the wires and tbe recorded burning time. 

Burning in the Crawford bomb is carried out in an atmosphere of inert gas (ni- 
trogen). The pressure is regulated by an automatic pressure regulator or by the use 
of a large vacuun chamber. Thus, if the burning rate of the given propellant is 
known, we can forecast the KX value approximately (on the basis of comparisons with 
known propellants); however, am accurate deternination is usually made by combustion 
in a chamber with a nozzle. (The burning rate measured in a Crawford bomb sometimes 
differs from that obtained in a chamber with a nozzle.) 

The combustion surface area of the charge is calculated from the assumed sur- 
face shape. In solid propellant rocket engines XK, values of 200-2,600 are used, de- 


ending on the type of propellant. It was experimentally determined that 
P 8 yP 


; A 
Ky < 0.5 KX and Aor $9.5 x 


Thus, K, and J are still the principal indicators for good choice of the charge 
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for the chamber. The equilibrium pressure in the combustion chamber depends to-a 
great extent on these values. Therefore, if these values are not properly chosen, 
the equilibrium pressure will not be constant. As > increases in relation to‘ the 
invariable AL or if J decreases end; “in“connection with this, the erosion ‘is less, 
the burning is slower and the pressure has a lower value than that which is obtained 
in calculations which take the erosion into account. The cross-sectional area of 

« the channel is variable during Shue and this causes a variance in the flow 
rate of the contusion gases and a pressure drop, not only of the mean pressure but 
also in the pressure differences along the axis of the engine. 

In the final combustion phase where A, = A» the J ratio assumes its minimum 
value and the pressure difference in the front portion of the chamber and at the 
nozzle is at its least value. 

In the initial combustion phase, when the thickness of the burned layer is 
equal to zero, i.e., at the moment of ignition, the pressure difference between the 
front and back portions of the chamber is the greatest. This pressure difference 
and the frictional force of the gases flowing out’ along the lateral surfaces of the 
charge can cause the charge to press against the back grate in the case of the cy~ 
lindrical charge. Because the pressure difference is greatest at the beginning of 
combustion and because the ysessure increases rather violently, a dynamic force acts 
on the charge in a longitudinal direction at the moment of ignteaon This "impact" 
in the case of a brittle mass can cause a cracking of the charge, particularly if it 
is not in contact with the grate before ignition (the charge then acquires accelera- 
tion and strikes against the grate), or a swelling of the charge in the case of an 


elastic mass. Cracking of the charge leads to an abrupt increase in the combustion 





surface area and, thereby, also in the pressure which usually ends in tearing out 
the safety devices (from the research viewpoint) or disintegration of the chamber. 
A swelling of the charge causes a decrease in AD which signifies au increase in Ky 


and J. Thus, it is necessary to take into account the possible charge deformations 


during combustion in determining the constants Ky, Ky and J. 
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Figure 2.1. Crawford bomb. Key: 1 = 
electric contact; 2 = ignition wire; 3 = 
timer wires; 4 = propellant bar; 5 = 
chamber; 6 = bar supporting brackets; 

7 = nitrogen or reducer feed. 


Some authors use the value 1/J [7]. This value must be always greater than 


unity; most frequently, it falls within the limits 1.5-2.5. The 1/J value may reach 


5 and even higher for engines with low work parameters. In order to increase the 
charge density, this ratio should be as swall as possible, but with respect to com- 
bustion stability, this minimal value must be determined experimentally. ©A small 
1/J value gives rise to a pressure peak at the beginning of ccnbustion. 

It should be mentioned that when working on new fuels for solid propellant 
rockets, it is necessary to take into account the energy content of the propellant, 
its mechanical strength, the dependence of the burning rate on the pressure (expo- 
nent n) and the temperature and such factors as the technology and availability of 
the raw materials. 

The following sequence is usually maintained in the development of new propel- 
lant compositions: 

1. Preparation of the appropriate mixture having the specified stoichiometric 
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composition. 


2. Determination of the energy conteat of :che given propellant ‘composition 





(analytically or experimentally). < 

So Determination of the burning rate and the power exponent in the Crawford 
bomb. 

4, Orientational determination of a by..analogy with known propellants whose 
KX values are known, at.a known -burning .1ate: 

5. Orientational determination of KX, from the inequality KX S005 Ke 

€. Orientational determination of the ratio J. = K/K, = A/a: 

7. Preparation of dat appropriate charge for a known engine on an experimental 
basis with a nozzle havirg a critical cross section Ane 

i the study of a propellant it is often necessary to consider the internal 


ballistics accurately [30] as well as the technological data on an engine. 


2.1. Construction.of the Engine 

The most important elements of engine construction’ are’the nozzle and the com- 
bustion chamber. 

In solid propellant engines the nozzles are not cooled as.in liquid fuel en- 
gines (the lack of a cooling medium, which-in liquid fuel engines is constituted by 
the liquid components of the fuel). In connection with this, it is necessary to 
protect the nozzle against burning out by other means. One of these is the employ- | 
ment of high-melting materials, such as graphite, molybdenum and others-in con~ 
structing the critical nozzle cross section. Another method is the use of average- 
melting materials with a high specific heat for nozzle construction; then when the 
nozzle has a correspondingly high weight, the tibet is readily conducted away from 
the critical cross section and is not liable to burn out. The disadvantage inherent 
in this latter method is excessively large nozzle weight, as the nozzle must have a 
large heat capacity, and this increases the passive weight of the engine. The first 


method is not too good either, particularly with longer engine work times (40-60 








A LL a 





seconds) and with high-energy fuels. Therefore, the problem of nozéle protection 
in solid propellant -éngines is still a pressing one. Some anthors {7] propose men- 
brane (shell) cooling or cooling by utilizing the beat of evaporation cf tke sub-~ 
s*ance. 

Another engine construction element ‘is the chamber, the parameters of which 


are also dictated by the requirements of the propellant. ‘The combustion chamber is 





a thin-walled cylinder. The thickness of the walls h.is determined by means of the as 
equation ry 
pk 
he -< s (2.1), 


where: Po = the pressure in the chamber; 


R 


s the radius of the chamber; 


o = permissible stress on chamber material. 

Such a chamber-wall thickness ohviously oe not take into account a weakening 
of the chamb2r due to attachments nor does it take into consideration the bending 
moments which eccur during rocket flight or the heat stresses which may occur during 
operation of the engine. Thus, the chamber-wall thicknesses calculated with tbe 
said equation must be chosen with Approprisce reserve. In addition, it is frequent- 
ly necessary tc make the walls thicker for the simple veascn that the thicknesses 


arising from the calculations are so small that they-are technologically impossible 


to produce. The following example illustrates this quite well: 


10,000 kg/cm” 


cee 
R= 20 cm | 
c 
2 
Pass 50 kg/cm 
PoRe a. 000 
ee | 
Lats 10,000 = 91 


A wall that is this thin may have a definite, comparatively quite large deflec~ 


tion. Therefore, the wall is made that much thicker so that the technological 
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deflections lie above this thickness of 0.1 cm. 

In. considering the problem of reducing the passive: weight of the chamber, it 
should be stressed that it is proportional: to’ the. wall thickness hand the specific 
gravity of the chamber. material .y. 

The wall thickness is inversely proportional‘to the allowable stress 9; there- 
fore, a passive beigherrseiasiok occurs: when the ratio’a/y°hes’s ‘maximum value. A 
comparison of several chamber construction materials with their: permissible stress- 


es, densities and the so-called specific strength of ‘o/y-are presented“in Table 2 at 


“TABLE 2.1. THE MECHANICAL PROPERTIES OF SOME STRUCTURAL MATERIALS 


Permissible Specific Specific 

Material stress |. gravity .j strength 
3 

(kg/em?) | o/¥ (om) 


Normalized steel 4130 _{, 0.00784 829,000 
Heat-treated steel 4130 0.00784 1,590,000 
High grade steel 0.00784 2,425,000 
Aluminum alloy 75 ST 0.00277 2,166,000 
Titanium alloy 0.00443 1,467,000 


Phenol or epoxy plastic, 
reinforced with glass 
fiber (currently pro- 
duced) : 0.00166 - 2,410,000 


Plastic reinforced with 
glass fiber (in the 
future) 0.00180 3,333,000 





in accordance with (7]. It is apparent from the table that some materials are bet- 
ter than steels in some cases in spite of the fact that they have permissible 
stresses which are comparable to low steels. New titanium alloys may.also have a 
very high specific strengtu. 

In the table the parameters of the materials are cited for normal temperatures. 
When the temperature is raised, the strength of the material decreases, and this 


takes place much more extensively for synthetic substances than for metals. In . 
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addition, the property variation in the particular production grades and in the fin- 
ished: products is greater for.synthetic waterials than for metalé: Likewise, the 
stability (property variation ir time). of the mechanical properties of plastics is i 


much poorer than the stability of metallic alloys. Therefore, synthetic materials 


Sia. 


have not yet enjoyed wide usage as the-choice for rocket engine tksabete: It the 
utilization of these substances is proposed; it is:only in cases where protection ef 4 

, by : 4 
the chamber against heating: is desirable. This takes. place in charges vhich’ burn oe i 
from the center and which are affixed to the walls, where the fuel and the inhfibit- Pp. 
ing layer sere to insulate the chamber walls from heat. Because there had been a 
distinct tendency to employ this type of charge, this has made it possible to also 
have an increasingly greater application of fiberglass-reinforced synthetic mater- 
ials for combustion chamber construction. 

At the present time heat treated steel is most frequently used in chamber con- 
struction. However, it is gradually being displaced by fiberglass-reinforced ma-~ 
terials. In the perspective sense, consideration can be given to laminated mater- } 
ials consisting of alternate layers of plastics and steels. The-cermets are fre- 
quently used in the construction of smailer-calib~~ rocket cbambers. 

In the production of thin-walled chambers from heat treated steels the most 
frequently used methods are either deep stamped or bended sheets, which then must be 
welded. Deep stamping is advantageous in that it is possible to shepe the variable — 
wall thickness in accordance with requirements (thicker in the front portion). When 
4a chamber is shaped from sheets, tic bottom must be either welded or fastened with 
screws. Fiberglass-reinforced plastic materials for chamber cdubtrection consist 
of glass fibers spun into threads and impregnated with the substance. In order to 
obtain a greater chamber strength, the glass fibers must be precisely oriented in 
accordance with the prevailing loads. The chamber can be constructed by winding 
the glass threads on an appropriate form and then impregnating “the wound layer with 
a plastic [16]. Particular attention must be given to joining the metal bottom to 


the cylindrical portion of the chamber fabricated from this material. 
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2.2. .Selection of Inhibitor 

In research on propellants, we encounter the problem of selecting the ‘type of 
Anhibiting substance as well jas the problem of causing ‘the ‘charge’ to adbere ‘to the 
chamber walls. The ‘inhibiting ‘substance 4s usually ‘a’ compound with ‘chardcteristice 
similar to tbose ofthe given propellant. For example, for the ‘inhibition of ‘col- 
loidal propellants, sucb as cordite I.P.N. and otbers, cellulose acetate is often 
used; in the case of asphalt-based propellants, bituminous compounds with petroleum 
are used {33]. In the case of composite fuels witb a butadiene rubber base, a iayer 
of rubber forms the inhibiting layer. The cbemical similarity of the inhibitor’ and 
fuel assures a good mutual adhesion. 

The inbibitor layer is applied either by coating the surface of the charge witb 
a solution of the inhibitor, by causing a prepared layer to adbere to the charge, by 
coating it with a monomer which polymerizes on the surface or by coating it with the . 
inhibitor in a molten state. The application of a coating by solution is inconven- 
ient because the solvent must be evaporated off, and riavesora only a very thin lay~ 
er can be deposited at a time. In order to secure goed inhibition, iz ia orcessary 
to successively apply several layers. Waen the finisbed inhibitor layer is made to 
adhere, the quality of inhibition depends exclusively on the quality of adhesion. 
The most convenient method is the application of a liquid monomer coat wbich hardens 
on the surface of the charge. 

From the mechanical point of view, tbe inhibitor layer should be sufficiently 
resistant and elastic, similar in mechanical properties to the fuel itself. In the 
case of elastic fuels, e.g., in the case of a front (end)~burning charge, the charge 
"swells" under the effect of the compression force; the inhibitor, therefore, may 
not crack but should be capable of expansicn. In the case of charges wbich adhere 
to the chamber walls, the inhibitor should adhere well to metals and have good elas- 
ticity. Elasticity is necessary here because the mutually adherent metal and in- 


hibitor ‘ayer with widely divergent coefficients of thermal expansion can give rise 








| RUE eee eens veneer, 


to internai stress-s when the temperature changes, which in turn would lead to the 

appearance of cracks in the casing of the grain. Just as the fuel, the inhibitor. 
‘4 should alter its mechanical properties as dittle = possible with a‘change in tem 
| perature within the range 40 te +50°C. A good inhihition of the charge surface, 

which assures functioning of the-engine for a period of 10-20 seconds, -is difficult 


to ohtajn, especially if the stream of hot gases flows around the inhihitor layer. 


‘ ; 2. 3. ‘Ignition or the Fuel Charge in the Engine 
Ignition of the fuel charge in the solid propellant rocket engine is accom- = 
plished by an electric igniter and a pyrotechnic called the primer. The primer must 
create the appropriate comhustion conditions in a correspondingly short time. In 
comhustion it should provide a temperature which is higher than the ignition temper- 
ature of the propellant. in addition, the primer should provide enough pressure to 
exceed the minimum allowed pressure for the given fuel, at which the combustion is 
stahle. Therefore, the primer mass a, should be proportional to the heated surface 


and fulfil the inequality: 





1 Vv P 
nag £44)" c(p) 
at ees R, (2.2) a) 

ane T 

(p) ? 

where: € = the fraction of condensed parts (solid and liquid) in the comhustion 
products of the primer at the temperature of combustion; 
R = the gas constant; : fe 


NE (4) = the initial volume of the engine chamher together with the narrow- 
ing portion of the nozzle; 

Pep) = the pressure occurring due to the primer (this is frequently assumed 
to be 30-40% of the comhustion pressure of the fuel); 


Mp) = the molecular weight of the gaseous rrimer comhustion products; 


T = the temperature of isobaric prirer comhustion. 





more Per 
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In small rocket engines, with which we are frequently dealing, it is eng 


sal eee to achieve good ignition because the ratio of inert. surface metal: that 





are heated, to the. propellant combustion surface, is quite large. ‘oni Werte’ Haat 
of the smokeless powder type usually have a lower ignition temperature, but a rather 
high ignition pressure is required for this. Composite-type propellants are “some- 

= Be more difficult to ignite but they do not require as high a pressure for stable 
combustion. A very important primer parameter is its comhust ion time, Panne." 
time of pressure increase. M. Barrere and co-authors [7] furnished ‘the primer com- 


bustion curves shown in Figure 2.2. 


pressure 





Figure 2.2. Possihle curves of pressure 
change over time during ignition. Key: 

A = misfire; B = ignition with pressure 

peak; C = normal ignition; D = retarded 

ignition; E = misfire. 


Ignition of the propellant surface requires time, during which a heating of the 
charge occurs. The heat suppliéd to the charge during primer combustion must exceed 
the heat carried away into the charge by conduction until the ignition temperature 
is reached. If the primer action time is very short, the heat is not able to reach 


the charge and hecause the charge does not reach ignition temperatuxe, it does not 


burn in spite of the fact that the pressure far exceeds the lower pressure limit 














of stable combustion of the propeilant (A). The period of ignition retardatiou in~ 


cresses witb decreasing pressure. The primer should assure a. sufficiently vapid at- 
tainment of the pressure required for stable combustion, but without suddea jumps 
(C). A too abrupt ignition can give rise to a peak at the beginning of the combue- | 


tion curve (B) and can even cause a rather powerful “impact”, which in turn can leaj 


ignition pressure when the primer action is too sluggish can be the reason for re- 

tarded ignition, wnstabilized combustion or even misfire (D, E). ; 
a The Sivalin: time of the primer is paged by reducing the size/ of the primer 
component particles or tbeir degree of compaction. Material particles reduced tc a 
much smaller size furnish a shorter burning time. Moreover, primers are sometimes 
used in the form of a compact pyrotechnic (black powder), which does not burn en 
masse when packed too tigbtly, but only on the exteraal surface at a limited rate. 
In practice, the primer action time for small rockets is 10-20 msec. For larger 
rockets operating under a low pressure this time can be prolonged to as much as 200. 


to a disintegration of tbe (grain) charge. On the other hand, an excessively low 
msec. The "greater than" sign in equation (2.2) indicates the fact that a portion. 





Figure 2.3. Ignition elements.. Key: a= { 
primer; b = electric igniter; 1 = pyrotech- 

nic; 2 = electric igniter; 3 = igniter re- 

sistance wire; 4 = material mass sensitive 

to temperature increase. 


of gases whicb are generated during primer combustion escapes through the nozzle be~ 


fore heating the charge to the point of ignition, particularly when the nozzle 
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opening is not Initially covered; in addition, the theoretically calculated mass of 
the charge increases by 10-20% due " other secondary losses. The peter eC 
more certain. if the nozzle movth is hermetically sealed initially with a uenbrane, 
which is broken when the pressure increase reaches an appropriate value. The ‘her- 
metic membrane also serves to protect the charge againrt the action of humidity in 
engines stored in the-loaded state. In the case of colloidal propellant Cherges of 
the smokeless powder type, the igniter used is generally black powder; 1 kg furaish- 
es 400 g of gaseous products with a molecular weight ‘of 34.75, and 600 g of conden- 
sation products; the temperature of isobaric primer combustion Ty) = 2590°K. 

Mixtures of powdered metals (Al, Mg) witb oxidizing substances (perchlorates or 
nitrates of potassium, barium or other metals) are used as primers for other types 
of propellants. Primers of this type are quite frequently used in propellant re- 
search. Under conditions of actual use, they are not convenient because che finely 
powdered metal may be gradually oxidized during storage. Ignition of ote peer py- 
rotechnic is accomplished by an electric igniter which consists of a charged wire 
and an initiator mass which is sensitive to a temperature increase {mercuric fulml- 
nate or lead azide). A typical primer and an electric igniter ave shown in Figure 
2.3. 

In end-burning charges the primer is lecated at the nozzle end and in radially- 
burnine charges it is located in tne front section of the chamber, so that hot gases 
flow around the entire cbarge surface. 

The casing should be durable enough so that the primer will not be spilled out 
and subjected to atmospheric factors, but such that it will not form fragments dur- 


ing combustion which covld destroy the charge or plug the nozzle opening. 
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3. RHEOLOGY 

We frequently encounter flow phencmena in.the technological methods of produc~ 
ing charges, such as extrusion, molding and‘others, and widerbunsenta of use of 
the finished charges. Sometimes the flow is.an caventlge (in ‘technological cases) 
and sometimes a disadvantage (in the case of storing and-utilization ‘of finished 
charges). In addition to the flow effect in solid propellant technology, we also r) 
encounter concepts of sedimentation, castability (in composite cast propellants), 
brittleness, etc. When finished charges are employed, in ‘addition’ to’ flow we also 
run into elastic deformation effects under the action of a' widely divergent variety 
of stresaes. 

Data on the mechanical properties of propellants with specific compositions are 
quite scanty in the literature published to date. The only information available is 
generally the dependence of ballistic constants for a specific geometric shape on 
the mechanical properties of the propeilants [7,15]. 

The parameters that are quantitatively capable of determining the usefulness of 
a propellant from a mechanical point of view are: the Young modulus, the allowable 
stress, tLe impact "strength", etc. There is no conclusive, general treatment of 
the mechanical properties cf propellants and the effect of these properties on the 
internal ballistics of engines to dzie. Therefore, the following remarks do not 
pretend to provide an approach to this problem. Most solid rocket propellants are 
mixtures of high~molecular-weight substances (the polymer) with lew-molecular-weight 4 
inorganic or organic substances. The high-molecular-weight substance (the polymer) 
is largely responsible for the mechanical and rhenlogical properties of these pro- 
pellants. Therefore, consideration of the mechanical and rheological properties of 


solid rocket propellants leads directly to a consideration of the mechanical proper~ 


ties of polymers. 
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3.1... Fundamental. Concepts 
If we axially apply an external force N-to a.bar with crogs section:A and 
length 1, it will increase in length by the amount Al. 
Assuming the notations given in Figure 3+4, we have: 
4l = the absolute Pionei tise (in units of length), 
€ = Al/1 = the relative or unitary elongation (fraction or percent), 
o = N/A = the tensile stress, in rec. 


Similar denotations are used in the case of compression. 





teAl 


Figure 3.1. Stretching a bar of length 1 
and diameter d under the effect of force N. 


The relationship between these values for the stretching and compression of 


ideally elastic bodies is given by Hooke's law: 
o= Eee (3.1) 


The stress is directly proportional to the relative derormation (elongation, 


contraction), where the coefficient of proportionality E is called the modulus of 


‘elasticity. After substitution of the values o and ¢, Hooke's law assumes the form 


-M. 
‘L= ia 
The bar show in Figure 3.1 with an elongation of Al will have its diameter 
shortened by the amount Ad; thus, we have here a so-called relative transverse 
shortening «, = Ad/d; the ratio yu = e,/e is called the Poisson number and is a con- 


stant for a given isotropic material within the limits of application of Hooke's 


law. 





In mechanical strength calc:lations on elongation, ‘the permissible elongation 
stress is assumed to be k. for the given material, whereby: 


(a) the following equation 1s used in veritying the stresses 


Pear ng (3.2). 


a Fins 


(b) in determining the cross section 


per (3.3) 
ky 
(c) in calculating the permiasible tensile force 
N <t Ak, y (3.4) 


These same equations are used in the case of contraction, except that the per- 
missible contraction stress is assumed to be k. instead of k- As is wbiz=enolil 
there are no ideally elastic bodies; therefore, the validity of Hooke's law for all 
solid bodies is limited to a certain, rather narrow range of streases and deforma- 
tions. A typical stress-deformation dependency curve for an actual (not ideal) 


solid body is shown in Figure 3.2, where Ry denotes the limit of proportionality 


stress 
2s 











relative elongation 





Figure 3.2. A typical curve ahowing the 
dependence of deformation on atress in the 
elongation of a bar. 


(this is the ratio of this force to the cross section Ay -- the primary cross 
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section of. the sample -- above which Hooke's law ceases to be apjlicable when elong-— 
ation occurs); Rep ~- the conventional elasticity limit (this is the ratio of th 
force.to the cross section Ap, whereby the stable, deformations. do not exceed.a’cer-. . 
tain conventional value); Q. is the physical. limit of plasticity (the. ratio of, this 
force to the cross section A,, whereby the sample is deformed rinbeas distinct in- 


crease in loading). The so-called limit of conventional plasticity (in contrast to 








‘the physical limit) is defined for materials which.do not exhibit a definite plasti- 
city limit; this is the ratio of the force to the ctoss section Ap, corresponding to 
a stable deformation, e.g., of 0.2%. R, denotes the tensile strength (this is the 
ratio of the greatest tensile force exerted <n the sample during elongation of the 
cross section Ay)+ 

The important parameters in studies .on rupture are still the total stable 


elongation after rupture 


i 
My ot 100°/, 
o 


and contraction at the site of rupture of the sample 





Studies on the impact strength of materials constitutes another type of re- 
search. This is a test of the dynamic bending of a sample of definite dimensions, 
with or without a notch, by striking it with a special pendulous hammer, which falls 
from a definite height. If we assume that L is the work used to break the sample in 
kgm and A is the cross-sectional area of the sample at the site of rupture in ca’, 


the following ratio is then called the impact strength: 
v= Flxgm/en”) , (3-5) 


The compression, tensile and impact strength tests are the main studies carried 





out in determining the mechanical properties of solid bodies. The shear effect ‘will 
be discussed in’ connection’ with tbe flow which appears in plastic deformations. 
Studies such as the bending effect, investigation of the resistance to fatigue or 
torsion, are cotaideted “ambag special studies of materials. The mechanical and the- 
ological properties of materials change with vir at iodt in temperature. These’ chan- 
ges are more evident in‘nonmetallic substances, euch as polymers. 

As a-function of the temperature, a polymer can be made similar in its proper- 
ties to one of 3 substance types, each of which exists separately in an ideal form. 
They are: 

(1)° a Newtonian fluid, the viscosity of which is not a function of the flow 
rate; 

(2) an ideally elastic body, subject to Hooke's law, tne small reversible de- 
formations of which are directly proportional to the stresses applied (solid mater- 
ials below the temperature of brittleness are similar to such bodies); 

(3) an ideal elastomer, which is capable of reversible detavcenibad of several 
hundred percent and which has considerably less strength and modulus than an ideally 
elastic body. 

In practice, however, a polymer almost always has features of all 3 types of 
substances. Therefore, it is a rathe.: complicated matter to determine the relation- 
ships between the stresses and the resultant deformations, the temperature, time and 
other variables. 

The theories which have been advanced up to now on the mechanical properties of 
materials and which embrace all the relationships in mathematical equations have the 
disadvantage that they offer no physical interpretation for the effect, i.e., none 
of the theories explain in a molecular manner the theory of the 3 basic rheological 
conditions: elasticity, flexibility and fluidity. According to some authors [26, 
28], these 3 properties of polymers are explained by the following colecular mecha- 
nisms: 


(1) a reversible stretching of the bonds and a deformation of the angles 
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between the bonds of tbe basic polymer chain determine the elasticity which occurs 
wider instantaneous loads; 

(2) reversibie straightenings.cf the polymer: chains determine the flexibility; 

(3) an irreversible shifting of ‘the chains in relation to each cther deter. 
mines the capacity for stable deformations .(flow or yield). 

If we assiae that the initial ‘state is a fluid state conforming to the Newton~ 
ian fluid Laws, ‘in the ghyeBeal’ edit ‘it’ is either a ‘specific ‘liquid or a. solid body 


‘capable of flow. Flow or yield is always characterized by ‘the displacement of lay- 





ers of the material in the direction of the applied stress. “Therefore, this effect 
can be embraced in ‘the equation which determines the shear {28). 


If the force is tangent to the deformations, as in Figure 3.3, then we deter- 


i 


mine the deformation as a function of the tangential stresses 


y= dy 


The rate of flow is. determined by 


where Yp is the stable deformation. 






reracet 


Figure 3.3. Deformation under the influ- 
ence of shear forces 


ara 


For a Newtonian fluid the rate of flow is proportional to the applied stress 








By 
t= nD (3.6) 


in this case the viscosity of the liquid -n is a constant, independent of the 
rate of flow D. 

Most fluids have this property (Figure 3.4a).. Thus, for example, all moncmers, 
some polyester resins before hardening, diluted polymer solutions and other, fluids 
employed in propellant technology conform to Newton's law. On the other hand, con- 
centrated polymer solutions, low-molecular-weight polymers and monomers with a large 
amount of solids in suspension, which we also encounter in solid rocket propellant 


technology, do nor conform to Newton's law. 


rate of flow D 
rate of flow D 
rete of flow D 


shearing stress t shearing strese t shearing stress t 
te] 5 G 


Figure 3.4. Basic curves showing the dependency of 
flow rate on stress. Key: a = a Newtorian fluid; 

b = a fluid with a pseudoflow zone; c = a fluid hav- 
ing a flow point. 

There are 2 types of deviations from the model of a Newtonian fluid. In the 
first of these the viscosity decreases with increasing flow rate D (Figure 3.4b). 
Quite frequently the viscosity remains constant after reaching a certain minimum 
value as the flow rate continues to increase (coefficient of viscosity). In this 
case the dependence of the flow rate on the loading is not rectilinear in the be~ 
ginning but then becomes so after reaching a certain maximum loading. Then it is 
often said that the substance has a zone of pseudoflow or pseudoplastic flow (the 


, flow rate increase is not proportional to the loading) and a zone of Newtonian flow. 


The pseudoflow effect. is closely associated with another type of deviation 
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from a Newtoniau fluid, characterized. in Figure :3.4c. In this case the flow begins 
only after the stressea have increased to.a certain point. Moat frequently, sub- 
stancea having this atress limit do not flow like Newtonian fluids after this 1iait 
ia reached but have a pasutoflos zone; this boundary is often called the plasticity 
boundary. The concept of the plasticity boundary determined in this manner is. ana- 
logous to the concept of the plasticity boundary determined at the outaet of this 
Section.’ The difference lies only in the approach to the problem. 

Formerly, the concept of the plasticity boundary was determined by working from 
ideaily elastic bodies; in more recent delixerecions this value was determined : by 
working from an "ideal fluid" (a Review fluid). This treatment of the. problem is 
particularly apt if we are considering the mechanical and rheological properties of 
plastics because these substances, like all high-molecular-weight substancea, com- 
bine the properties of solids and liquids. If the most important characteristic for 
solids is the modulus of elasticity, and viscosity is the most important for li- 
quids, these 2 characteristics are simultaneously germane in the case of high- 
molecular-weight substances. In both cases we are dealing with the deformation of 
substances under the effect of applied stresses, except that in the case of liquida, 
in contrast to solids, this deformation is irreversible and is a function of time. 
Therefore, when we consider the problem in time, we find that any liquid subjected 
to the action of a force for an infinitesimally short time exhibits a distinct elas- 
ticity, and conversely, any real solid subjected to the action of forces for an in- 
finitely long time exhibits flow effects. Hence, it can be specifically deduced 
that in practice there are no ideally elastic Sihasbaces nor pecfect liquids, and 
this division is a matter of convention to a certain degree. However, it is justi- 
fied by the fact that in the range of possible experimentation iiadst every real 
substance exhibits a distinct pregonderance either for elastic or for plastic what 
acteristics. Only high-molecular-weight substances modified in different manners 


are capable of possessing both elasticity and plasticity to the same degree. 





One other type of flow is less frequently encountered, namely, dilatat‘on flow, 
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in which the viscosity of the material: increases with increasing shearing rate. 


Non-Newtonian flow can be mathematically represented by the equation 
dy : 
~~ = Rr* 3.7): 
z (3.7) 


where B and u are constants for the given naterial and can be determined for each 
material fron experimental data on the dependency curve: the logarithm of the shear- 
ing rate versus the logarithm of the shearing strees. For Newtonian liquids, a=i 
and B = is 

Quite frequently, mixtures of Newtonian or non-Newtonian fluids with powdered 
solids are also used in the exploitation and technology of solid propeliants, The 
rheological chitentbetckie of such mixtures is usually the existence of plasticity 
boundaries (Figure 3.4c); after these Limits are passed the substance may flow like 
a liquid or like a pseudoplastic substance. 

There are also certain mathematical Velationstte, according to which the vis- 
cosity of the suspension at a given flow tate can be calculated from the viscosity 


of the liquid itself. One of these relationships is the equation derived by Guth 


and Simh: 
= tin (1+ 2,5 B+ 14,182) (3.8) 
where: n = the viscosity of the suspension; 
1% = the viscosity of the pure liquid, 
¢ = the volume fraction of the powdered (dispersed) phase. 


This equation is valid for more highly concentrated suspensions, with which we 
are frecuently dealing in solid propellant technology. However, it should be borne 
in mind that in practice certaia deviations from the above relationship can occur. 
These deviations are caused by the symmetry of the particles (the relationship is 
valid fos spherical solid particles), solvation and swelling of the particles, and a 


different wettability of the particles of the diffused phase by the liquid. 
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If.we are dealing with pure polyners (without fillers) having a plasticity 
limit, there are certain theories. associating this property with their molecular 
structure. One of these is the theory which introduces the concept -of the HS 
tion energy of flow. ::In "fluids" having ‘a flow limit, the moverments of the mole- 
‘cules are:quite limited and ‘in order to maintain ‘this-molecular movement, which is 
necessary for viscous flow, a certain :amount of ‘energy E'must be ‘supplied. “This 
venergy is called the activation energy of flow in the case'of polymers. “This Value’ 


appears in the following equation for the dependency of ‘viscosity on temperature: 
“ye Aeeikt (3.9) 


‘The activation energy value increases with increasing ‘molecular ‘weight, -hut 


not proportionally to the temperature of vaporization. After ‘reaching a:certain 


TABLE 3 1. THE BASIC MECHANICAL PROPERTIES OF SOLID PROPELLANTS 


For propellants 


Name of the physico- 


: For steel 
pains tae grens colloidal composite 
Modulus of elasticity 5 
kg/em? 1,000-3,000 (20°C) 1,000-2,000 (40°C) °| 2.1*10" (15°C) 
200-1,000 (50°C) 100-200 (+15°C) 
50-100 (+40°C) 

Poisson's ratic 0.35+0.50 0.35-0.50 0.30 
Coefficient of linear : i ap ai Be 5 ES 
heat expansion, 1/°K 1.2°10 -2.0°10 0.5°10 -1.5-°10 1.2°10 

Specific heat, v, 
kcal/kg°K 0.35 3 0.30 0.11 
Coefficient of heat 
conduction, <6 = eG ~6 se 
keal/sec com °K 0.50°10 ~-0.53°10 0.7°10 “-0.75°10 1.1°10 
Coefficient of heat Pr a an -2 
diffusion, em2/sec 0.215°10 0.30°10 “-0.30°10 0.31°10 





maxiaum activation energy value, this ve"ue remains constant with a further increase 


in the molecular weaght. It is thus deduced that in the case of molecule® with a 
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very long chain, the element that is displaced during flow is not the whole mole~ 


cule, but only a certain portion of it. Thus, the activation enezgy increases ‘to 


ee eran: 


the point where the molecular weight does not exceed:to’a ‘significant degree the 

size of the segments that are being displaced. As. the temperature of the material 

is lowered, the micromovements (of particle fragments) eT ee i€of ‘whole i 
particles) are restricted and at a certain temperature they ace gancetly rinhibiteds 

‘Then tbe substance changes froa a plastic-elastic state to a ‘glassy~brittle ene and 

can he treated as a frozen liquid. ; 

The temperature of brittleness is sometimes defined as the temperature of the 
second order transformation; of course, ‘the latter involves the same effect, put it 
is defined on tbe basis of entirely different parameters and — frequent 
ly differ quantitatively from the temperature of brittleness, whica is vouelly high- 
er [28]. , / 

The temperature of brittleness of a substance depends on ‘sech factors as: the 
molecular weight, second order bonds (polar, bydrogen), transverse bonds, molecular 
flexibility, the plasticization factor, filler, and degree of polymer crystalliza- 
tion. The temperature of brittleness changes (decreases) with increasing nolecular 
weight until the molecular weight exceeds a value of about 10"; above this value, it 
is constant. The temperature of brittleness is higher with the appearance of trans- 
verse bonds. Bonds of the second order, which have a particularly high bonding en~ 
ergy in the case of polymers with strongly polar groups, exert a distinct .influence 
on this temperature (Table 3,2). Like the polar groups, the ordinary hydrocarbon 
branches from the main chain also reduce the flexibility of the particles, which 
leads to an increase in the temperature of brittleness. The flexibility of the 
molecules usually increases when there are double bonds in the chain. 

The mobility of the particles can be increased by moving them apart, whereby 
they cease to act on each other. The role of diluent for the molecules is played by 


plasticizing substances: dibutyl phthalate, dioctyl phthalate, tricresyl phos- 


ate and many others, mainly esters of bi-functional acids with higher alcohols or 





multi-functional alcohols with higher acids. 

In addition to "external" plasticization, “internal” plasticization can take 
place by incorporating the molecules of another vied “vith a lower temperature of 
brittleness in the hits of the given polymer. The plasticizetion of polipugtliee 
by copolymerization with tubadione can be cited as an example of this. In this man- 
ner the aromatic rings which inhibit the movement of, the polystyrene molecules are 
separated from new other and the double bonds stint from the butadiene further 
plasticize the copolymer, which becomes rubber-like. Most fillers generally have 
little or no effect on the temperature of brittleness. Some substances are in the 
brittle~glassy state at normal temperatures; on the other hand, Meena) temperature 
(20°C) is higher than rhe temperature of brittleness for some (Table 3.2). 

It follows from studies that have been carried out that high-molecular-weight 
substances are mostly viscous-elastic substances from a rheological point of view, 
in which viscous flow and elasticity dominate the picture or recede, depending on 
the nature of the substance and the temperature. 

As already stated, elastomers have a special position anong che very numerous 
high-molecular-weight substances. Their differentiation is not conditional on qual- 
itatively different properties but only on a quantitative expression of the already 
mentioned properties. Therefore, the elastomers are all numbered among the viscous- 
elastic substances. However, this is a subgroup of subs.ances that are character- 
ized, in contrast to other elastic substances, by a capacity for elastic deformation 
amounting to several hundred and even a thousand percent, which disappears when the 
stresses are removed. All the theories that have hitherto been offered in explana- 
tion of the elasticity effect lead to the statement that elastomer molecules are 
rolled in coils and balls, which straighten out when stresses are applied. 

All the types of substances considered enter into the technology and utiliza- 
tion of solid propellants; and consequently, a knowledge of the laws governing these 
substances is absolutely necessary in the selection of optimal technological or 


practical indications. 
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Rheological and mechanical. problems will be discussed further in subsequent f 
sections of this book. A more therough treatment of these problems can be foud in 


a number of foreign aud domestic publicationa. 


3.2. Mechanical and Rheological Indices of Prepared Fuels 

Previous studies ind publications indicate that the usefulness of.a propellant 

from a mechanical standpoint can only be determined by a whole series of experiments. 

The literature contains [15,7] definite data concerning what is required of polymers 

for givea geometric shapes of the charge. These requirements are very diverse. be- bd 
cause different stresses arise with each geometric charge configuration. The defor~- 
mations caused by stresses in derrecedt geometrical configurations affect the bal- 
iistic parameters of the engine differently. Thus, the problem of the mechanical 
parameters of a propellant has meaning only with reference to a specific configura~ 
tion. Generally speaking, sclid propellants can be rigid and brittie or soft and: 
elastic [17]. Rigid propellants are usually more suitable for charges which are in- 
serted freely into the chamber, while elastic propellants are indispensable in the 
preparation of charges which are made to adhere to the chamber walls. 

The properties ot a propellant vary with the temperature, as do the properties 
of a polymer. M. Barrere gives the breaking strength of a certain eoepiediy propel- 
lant as a function of the temperature (Figure 3.5). 

It is evident from the graph that this propellant can be either too seft or too 
hard and brittle at extremely different ambient temperatures and that the material 
abruptly changes its plastic~elastic properties at a temperature of about ~25°C; at 
this temperature the elastic elongation decreases to a min'mum and the plastic de- 
formation generally disappears. Moreover, composite fuels, being a mixture of a 
crystalline oxidizer and a polymer, change their properties in accordance with the 
mutual change in polymer and oxidizer reaction below the temperature of brittleness. 


This leads to the formation in the propellant of internal micro-stresses and ecca- 


sionally to micro-cracks around individual oxidizer crystals, so that the appearance 
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stress applied of{kg/cm] 


yelative elongation e[cm/cm] 


Figure 3.5. The elastic tension curves of a 

composite propellant, composed of a mixture 

of finely powdered oxidizing substance and a 

polymer combustible component (binder). 

Key: (a) = extension rate, 4 cm/min; (b) = 

rupture; and (c) elasticity range. 
of the samples assumes a dull hue due to the appearance of micropores. The loading 
,action rate also influences the mechanical-rheological properties (Figure 3.6). 

It follows from the curves in the diagram that the very rapid loading induced 
by ignition is very dangerous at low temperatures, even for very elastic propellants 
(elongation of about 50%). The danger lies in the fact that the propellant behaves 
as a brittle mass, for which the stresses arising can eaceed the permissible stress~ 
es and a cracking of the charge may occur. It follows from this that a polymer 
which is a brittle suostsnce under the actual conditions in the rocket (40, + 50°C) 
cannot be used as a binder for composite-type propellants. Almost all polymers are 
unsuitable for these purposes below the temperature of brittleness because their 
permissible stresses (with a considerably reduced crystalline oxidizer content) are 
lower than the stresses which arise during operation of the engine. Thus, it is 


necessary to use either plastic-elastic polymers which have a temperature of brit- 


tleness below —40°C, or plasticized polymers in a pure brittle form. When 
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Figure 3.6. The dependency of the elongations cor- 
responding to the maximum permissible stress in an . | 
elastic composite propellant oa the-temperature at 
different loading rates. Key: . (a) = rate of load- 
ing action. ‘ 
proceeding in the djvection of plasticization and elasticization, it is also neces- 
sary to take precautionary measures s0 vat Me excessively great deformation does 
not occur aindey che effect of the stresses that arise. Most of the data published 
to date define the permissible limits of softening of the propellants. These limits 
are dictated by changes in the ballistic characteristics of the engine arising from 
deformations of the powder charge. Such deformations can occur in charges of large 
dimensions during storage or combustion due to forces arising in tne burning process 
and the flight of the engine. The most typical deformations of a powder charge com- 
posed of soft material are illustrated in Figure 3.7. 
Such deformations of the charge decrease the free flow cross section Ay which 
in turn causes an increase in the pressure difference between the front and back 
sections of the chamber. The increase in this difference inducea a more rapid gas | 
flow, permissible only to a certain boundary velocity, above which this velocity 
causes erosive combustion. | 
The appearance of erosive combustion increases the total burning rate; then the 


pressure increases, and the engine may blow up. In order to foresee all these 





changes, it is necessary to know what forces act on the charge. By disregarding the 
frictional force and the impact of the gases on the possible transverse projections 
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--«-- charge before deformation 





deformed charge 


Figure 3.7. Deformation of a powder charge 
under the effect of forces acting in the 
engine: a= a charge attached to the cham- 
ber wall, b = a cylindrical charge in a\free 
(unattached) state. a Y 


of the charge, the longitudinal stresses acting on the charge can be calculated. by i 


means of the equation 


02 = Py — Pr + L O95 (3.10) | 
where: L = the charge length, 
| * the longitudinal acceleration of the rocket, 
p = the propeliant density, 


P 
Py and Py = the pressure in the combustion chamber (Figure 3.7). 


The difference Py Py is calculated from the known, approximate internal bal- 


listics equation [7,31] 


where k = the adiabatic exponent (k = Cp/ey) of the products; 


Py can be approximately determined with the equation 
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where: n ™= the power exponent in ‘the power law of propellant combustion, 


~< 
L 


the specific weight of the. propellant, 


QQ 
g 


ke Ast 
ip” the output coefficient; c, = Vidal % 


a ® the coefficient in the burning rate equatior : 
r= ap, . 


It is evident from the above that the magnitude of the stresses generated can 
be varied by varying the geometrical cant fgaritien of tke charge (aly x) The 
maximum stresses arise at the beginning of combustion (when A. /A, has its maximum 
value), when the pressure difference in the front and back portions of the chambe~ 
is critical. However, the stresses which arise later from the inertia of the engine 


and the acceleration in time of the flight play an important role. 


There is a definite mathematical dependency (7,31] of the modulus of elasticity 


on the value 


When other data on the propellant and the rocket are known, it is possible to 
determine the minimum moduli of elasticity for the nominal values of the J ratio on 
the basis of this dependency. The changes in the J ratio (due to charge deforma- 
tions) as a function of ‘the modulus of elasticity are illustrated in Figure 3.8. 

The portion of the curve lying above point M corresponds to unctable combus- 


tion, in which the charge deformation ia so great and progresses 'so rapidly that it 


exceeds the increase in output of the gases flowing through the free cross-sectional 
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Figure 3.8. The dependence of the J property 
on:the value of ‘the elasticity modulus ‘of-a 
cylindrical charge in a detached state. Key: 
(a) = under static conditions; (b)-= during 
flight. 


surface area. 

If the propellant has a large modulus of elasticity, its deformation will be 
slight; thus, the charge will change scarcely at all. Therefore, in this case it is 
sufficient for a good functioning of the propellant if the stresses formed:do not 
exceed the magnitude of destructive stresses. However, as previously stated, the 
magnitude of destructive stresses in rigid propellants is low (the charge we ee 
ble); therefore, it is better to work with propellants with a smaller modulus, which 
do exhibit a greater deformation under the stresses encountered. On thé othey hand, 


value; i 


as shown in the graph, there is a definite Evin 


dJ 


dE 


Ee increases with increasing initial temperature of the charge. It is evident 


from Figure 3.8 that if Bas 200 for 15°C, En = 400 for 50°C. 


‘in in 


Taking into consideration the fact that the actual modulus (that possessed by 
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the material) decreases with increasing temperature, we see that for each specific 
substance and for a’ specific charge there is a definite maximum temperature at which 
the dependency curves of E, | on the temperature and of actual E on the temperature 
intersect. This is the maximum temperature at which a given charge can he hurned. 
In practice it is better to remain below Tax hacauae an accidental pressure in~ 
crease can cause the engine to blow up. With excessively ‘low nodulus values, the 
free flow surface AS decreases too rapidly and the J .coefficieat increases. Then 
the increase in secondary output due to erosive combustion and praseite inateade ex~ 
ceeds the increase in expulsion of gases flowing out through the free cross~section- 
al surface area and this leads to.an abrupt pressure increase and blow-up of the 
chamber. W. Kozakiewicz [30] in his book gives the dependency curve of stresses 
generated in the charge on the J and RK, ratio, in accordance with Berfley and Mills. 
It is evident from the graphs presented in that book that for constant J, the stress 


values are different for different K, values. For example: 


when J = 0.6 and KR, = 100, o= 4 kg/cm2, 


1 when K, = 190, 0 = 25 kg/en’. 


In calculating the stresses generated in a charge using equation (3.10), the 
frictional forces, which according to Wimpress [15] are of the same order toward the 
end of burning of the charge as the forces resulting from the pressure difference, 
are not taken into account. The thermal stresses that arise in any chargé during 
temperature changes have not been taken into account up to this point. It is evi~ 
dent from the studies by Barrere [7] that particularly large thermal stresses are 
generated in charges which adhere to the chamber walls. Therefore, in the case of 
charges whica adhere to the chamber walls it is absolutely imperative to select soft 
and elastic propellants that have a low temperature of brittleness and a low modulus 
of elasticity. 

In general, it should be stated that assurance of the required charge strength 
constitutes a very complex problem inasmuch as it is difficult to foresee ail the 
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parameters upon which the charge strength depends when it is designed. ‘Therefore, 
it.is better to rely:on experimental data in’ formulsting ‘a charge from a specific 
prope)lant substance. - In any “case, Tables 3:1 and-3.2 give the mechanical rae 
ties and moduli of elasticity for propellants oP ea composite and colloidal types 
and for individual: plastics; this can be of help in ‘the choice of ‘appropriate sub- 
stances for combustible binder substances. 

The modulus of elasticity of composite propellants in current use is 10°-10° 
times less than che modulus of elasticity of steel. A comparison (according poi 
Barrere) of the principal. mechanical and physical properties of nitroglycerin pow- 
der-type propellants, composite fuels and steel is given in Table 3.1. It is evi-~ 
dent from this comparison that other propellant properties are also some scores of 
times less than steel in more than one case, e.g., all the heat-thermal properties 
of powders. The figures cited explain why powders that adhere to the chamber walls 
function so poorly and elucidates the need for the powder mass to be very elastic 
under all temperatures encountered in use in cite case of charges that adhere to the 
walls. A powder propellant would be subjected to cracking and detachaent at minimal 
temperature fluctuations with at least a tenfold greater linear thermal expansien. 
It follows from a comparison of the elasticity moduli of polymers and existing pow- 
ders that the moduli cf polymers are about'10 times larger than the moduli of the 
propellants used. It is evident from Table 3.2 that the elasticity moduli of common 
vinyl (with the exception of polyethylene) and cellulose derivative polymers exceed 
the value of 110%, In addition, the temperature of brittleness for vinyl substanc~ 
es, with the exception of polyethylene, is much higher than normal. Accordingly, 
pure (not plasticized) vinyl or cellulose substances are not suitable as rocket pro-~' 
pellant constituents because of their mechanical properties. It is pousibie to use 
thea only in the plasticized form, in which there is a lowering of the modulus of 
elasticity and tke temperature of brittleness, as evinced by the example of poly- 
vinyl chloride. Following the employment of plasticizers, substances such as cellu- 


dose nitrate in the form of a colloidal fuel can be used in the manufacture of 
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rocket propellant charges. 

Rubbery materials, whose temperature of brittleness is low and which have an 
elasticity modulus very close to that required, are much more suitable -in propellant 
manufacture because of their mechanical properties. The modulus of elasticity in 
rubber-like substancea has a value which js. somewhat below. that ee ee 
it considerably exceeds the upper limit, (Table 3.1 and Figure 3.7) in vinyl and eel= 
lulose substances. However, aa.can. be seen in Table: 3.2, the modulus value under- 
goey a distinct increase with vulcanization and the employment of:a filler.:* When it 
is remembered that the filler in composite fuels is about. 70-80%, it can be seen 
thet the modulus of elasticity will be raised to the desired value in‘the finished ~ 
propellant. All the requirements mentioned with respect to the. modulus’ of ‘elastici- 
ty refer to charges burning on the lateral surface. Propellants with predominantly 
plastic properties can be used for end-burning charges. 

3.3. Rheology and Sedimentation Effects 
Associated with Propellant Technology 

Propellant charge technology beara a great deal of similarity to the technology 
of plastic products. The principal methods of manufacturing articles from synthetic 
substances are: compression molding, extrusion molding and casting. In each of 
these methods the technician is confronted by a whole complex of problems, which be- 
come even further compounded in the case of propellant charge manufacture. One of 
the factors complicating the technology of propellant charge processes is the fact 
that the high temperatures employed in the production of plastics are not permisai- 
ble here. For example, in ordinary compression molding a temperature of 150°C and a 
pressure of 70-220 ke/em? are used, while in the case of the so-called injection 
molding, the temperature is above 250°C and the pressure is 700-2100 lig/en”: Tem- 
peratures this high assure complete fluidity of the formed mass, which fills the 
form completely and eliminates air bubbles. However, at such high temperatures some 
solid propellant cemponents tend to decompose, which can lead to spontaneous igni- 


tion and an explosion. 














3.3.1. Compression molding 

As numerous studies on the compression molding of solid polymers with fillers 
at low temperatures demonstrate, compression molding cannot assure the desired pro~ 
duct quality if the binder does not attain a state of fluidity. .Union of the ix 
mer with the filler, which consista of crystale of an oxidizing substance inthe 
case of composite fuels, ia inadequate; in addition to the basic components, air is 
entrapped and weakens the whole product through the formation of interstitial micro- 
pores. When such propellant charges are burned, the charge disintegrates’ an’ the 
engine blows up. Thus, it is obvious that eae method cannot, be widely uaed in the 
production of composite-type propellant charges. This method can be employed only 
for charges of small dimension, molded with a somewhat plasticized binder, and in 
the case of propellants burning under low pressure. An example of such propellants 
can be low-energy composite fuels of substoichiometric composition, which are widely 
used in rocket models (not full scale). In this case combustion takes plece under a 
very low pressure and with a deficiency of oxygen; then the ianeees products do 
not enter the micropores although the combustion is very intense on the exposed 


area. 


3.3.2. Extrusion molding 

In the production of charges from colloidal and some composite fuels, it is 
more suitable to use the extrusion method, which can be considered a variant of com- 
pression molding. This method has long been used in the production of artillery ex- 
plosives (powders) and is described in the work by T. Urbanski (33). 

The propellant maas must be capable of flowing under pressure if this method is 
to be adapted for charge production. Almost all polymers fulfil this requirement 
after appropriate pikuetetsSetan 6: heating. In the case of colloidal fuels, the 
plasticizer is one of the principal constituents of the propellant, nitroglycerin. 


From the point of view of facilitating the processing, it is desirabie to add a 
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large amount of plasticizer; on the other hand, < vivsnown fron utilization 
requirements, the charge cannot be too plastic. e principal requirement of the 
plasticizing substance is an ability to dissolve the polymer sv t.at a homogeneous 
gel is oltained, whose composition does not change in time decause of a lack of 
ability to “sweat” and evaporate under utilizazion and storage conditions. With re- 
spect to evaporation, this condition is fulfilled if the plasticizer has a low vapor 
pressure and if it is distinguished by a low rate of diffusion in the polymer. Both 
of these conditions are fulfilled by substances with a high molecular weight. The . 
most frequently used plasticizers are esters of high-molecular-weigh: scids; sone- 
times. certain ketones, amides, nitriles, sulfoamides and, in some cases, lov-mole- 
cular-weight pulymers are used as plasticizers. Hitherto, the choice of a plastici- 
zer has been guided chiefly by experimental results, without theoretical premises, 

The disadvsntsge of the extrusion méthod is the necessity of using rether large 
presses, the size of which is proportional to the size of the extruded charge. 
Bearing in mind the tendency to produce larger and larger charge diameters (up to as 
much as several meters), this method has mauy opponents. Nevertheless, this method 
is currently used for charges of average size, which indicates that it must not be 
disregarded altogether. Extruded charges can be larger in the case of inore fluid 
masses. Therefore, charges of considerable diameter can be obtained by this method 
from substances which are plastic during the formation process and then become rigid 
after formation. 

Composite fuels based on elastomers as the combustible compenent, which are be- . 
ing used more and more at the present time, conform to this condition. Butadiene- 
styrene rubbers, natural rubber, polysulfide rubbers and polyurethans are frequently 
used as elastomers in this case. 

Extrusion of a propellsnt based on these elastomers tskes place before vulcani~ 
zation or before the final hardening of the polymer. Consequently, extrusion mold- 
ing can be carried out at cold temperatures and at comparatively low pressures. 


Previously, piston extruding presses, which operate in a periodic manner, were 
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most frequently used in the technelogy of smokeless powders, Before loading into 
the cylinder of the extruding press, the masa must he given a final mixing and be 
plasticized, this is performed in the so-called kneading machines. Then the mass is 
charged into the cylinder of the eytruding press in suck a manner that the air con- 
tent in.the mass is reduced to a minimum. Each end of the cylinder is closed with a 
molding head; the cylinder may be heated or cooled. A diayram of the piston extrud- 
ing press is given in Figure 3.9 

In the molding head opening a core which shapes the appropriate opening in the 


extruded form can be placed on the grid. 





Figure 3.9. Diagram of a piston extruding press: 1 « 
cylinder, 2 = heating jacket arrangement, 3 = heating 
medium inlet, 4 = head housing, 5 = holding head, 6 = 
grid, 7 = heating medium outlet, 8 = piston, 9 = piston 
rod, 10 = guide bar, 11 = yoke, 12 = hydraulic cylinder, 
13 = piston, i4 = manipulator, 15 = pump, 16 = oil pipes. 

A more modern method of formation is the so-called "sznekowanie (screw feed 
conveyor)". This is a combination of extrusion or compression molding with a con- 
tinuous (non-periodic) feeding of the mass. The mass is fed by means of a worm con- 
veyor, at the end of which there is’ a molding head or die, toward which the materi- 
al is pressed. Arrangements of this type are often called screw presses, screw 
machines or simply screws. The most correct terms in Polish nomenclature are worm 
extrucing press or worm press. In addition to the continuity of the process, worm 


extruding presses are advantageous because as the worm turns, it not only forces the 


mass forward, but also exerts a thorough mixing and plasticizing action on it. 
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Compression molding in this type of apparatus has been used for quite some time for 
the manufacture of war materials in the preparation »f artillery shells containing 
explosive materials. Worm extruding presses have previously been used principally 
in the technology of plastics and rubbezs. in the cabie industry, etc. In recent. 
years,references in the literature to new technological processes for sclid propei- 
lants [7] and the rapid iatroduction in industry of new and improved types of worm 
extrusion presses peint to the possibility of an increasingly widespread adaptation 
of these machines to the production of solid propellant charces. 

Worm extruding presses can be divided into 2 basic types. single-worm and 
multi-worm. Each of these basic types can embrace extruding presses for different 
purposes, and in this connection they can have different heating or cooling syste 1s, 
ventilation systems, etc. The single-worm extruding press has some systems identi- 
cal to the piston extruding press. Worm extruding presses have a worm instead of a 
piston in the cylinder. For all practical purposes, the length of the worm is ap- 
proximately equal to fifteen times its diameter, although this ratio is considerably 
larg-r in some newer extruding press types. The charging hopper is iocated above 
the worm, at its rear section. The mass is taken up from here by the revolving 
worm, and then moved forward toward the molding head or die by the revolving worm, 
Depending on its length, the cylinder is usually divided inco several zones, each 
separately heated or cooled. Cooling may also take place via the core of the worm. 
in some extruding presses a degassing system connected to a vacuum pump is installed 
at the site of greatest heating of the mass. If we place an optional chamber whose 
diameter is the same as that of the worm at the site of the molding head of the ex- 
truding press, extrusion of the mass will not then take piace, but a typical worm 
compression molding. In this manner the freshly prepared propellanc mass can be ex~ 
truded either directly into the engine chamber or into a form, in which it undergoes 
its final hardening. 


Single-worm extruding presses have one disadvantage in that sometimes the ex- 


truded mass sticks to the worm and revolves with it, so that so-called clogging of 
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the extruding press occurs. Multi-worm extruding presses do not have this disad- 
vantage; they produce a uniform output and permit the attainment of a very high 
pressure in the head. The overlapping convolutiors prevent adhesion of the parti- 
cles of the material and¢ their rotation with the worms. Due to the contiguity of 
the convolutions, there is practically no backflow of the treated mass. 

Although there are many examples for the mathematical conception of the fun:~ 
tioning of a worm extruding press, previous construction designs have primarily been 
based on intuition and the experience of the builder. The mathematical conception 
of this problem is difficult due te the presence of many superimposed variables. 

For a mathemathical conception, it would be necessary to determine not only the di- 
mensions of the worm (length, diameter, the angle of inclination of the helices, the 
depth and width of the flow grooves, etc.), the molding head, the cylinder, the num- 
ber of revolutions of the worm, the capacity, the heat balance and the pressure at 
the delivery end of the extruding press; but also the interactions at the individual 
points of the cylinder surface Letween the surface of the worm and the advancing 
mass. Finally, it would also be necessary to know the Sopa tved ners of the mags 
which the extruding press is designed to process. It is particularly peceseay to 
know the dependence of the viscosity of this mass on the temperature, flow rate and 
kneading time. Previous tests of the analytical concept for all processes taking 
place in single- and multi-worm extruding presses were carried out with a numb. of 
simplified assumptions and for comparatively simple systems [118,119], but the prac- 
tical usefulness of the resultant equations is not satisfactory for the designer nor 
for the user. Nevertheless, a knowledge of these equations together with the many 
experimentally obtained functional relations between the individual parameters ,18] 
permits the designer to determine some structural data separately, and the consumer 
to select appropriate work parameters or to choose the type of extruding press best 
suited for handling masses with precisely specified properties. 

All these mathematical concepts can be found in domestic [119} and foreign 


[118] literature. 
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‘rom tne point of view of solid rocker prepellant cechnology, it is of primary 
importance to determine the properties of the mass which is to be extruded in order 
to be able to choose an appropriate worm extruding press from the existing types or 
to provide the designer with the necessary requirements. Accordingly, it is neces- 
sary to ascertain the following characteristics of the mass to be extruded: 

(1) the maximum extrusion temperature (for reasons of safety), 

(2) the dependence of the viscosity of the mass on the temperature, 

(3) the dependence of viscosity variations (icr composite fuels) on the per- 
cent of crystalline filler content (equation 3.8), 

(4) the dependence of the viscosity on the feed rate for individual tempera- 
tures, 

(5) the dependence of the viscosity on the kneading time, 

(6) the content of volatile substances at the permissible extrusion molding 
temperature, 

(7) adherence to the metal as a function of the temperature. 

All these data can be determined under laboratory conditions. It is necessary 
to determine the permissible extrusion temperature by heating the mass and observing 
its susceptibility to friction determined as a function of the temperature will be 
much more conclusive in the determination of the permissible extrusion temperature. 

Points 2 to 5 can be determined most accurately with a Hoppler consistometer, 
with which it is possible to determine the viscosity from several hundred to above 
10? cp. 

The volatile substances in the extruded mass can be the solvent, monomer resi- 
dues of the substance used, reaction products evolving during the extrusion (CO, 
#0) and traces of air. There are many methods of degassing the extruded mass and 
all of them furnish good results [118], although the problem itself was initially 
very complex. At the present time, all solutions are based approximately on the 
following operations which take place in the extruding press: plasticization of the 


mass, compression (by employing a slower feed rate), expansion (faster feed), 
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drawing off of the gases (the previously compressed gas bubbles disrupt the mass 
upon expansion and the gas escapes to the draw-off, which can additionally be con- 
nected to a vacuum pump), renewed compression and extrusion. 

A very important factor is the adherence of the mass to the metal which com 
prises the worm and che cylinder, i.e., the so-called coefficient of friction. This 
coefficient reaches a maximum at a definite temperature fcc most masses. When pass~ 
ing to lower temperatures the mass takes on the nature of a solid and has a lower 
coefficient of adherence; on the other hand, at higher temperatures it assumes the 
properties of a liquid and slides over the metal surface. Therefore, it is of prime 
importance in this case to determine the temperature at which the coefficient of 
friction attains its maximum value. When the coefficient of friction is known for 
the individual temperatures, it is possible to determine the optimal angle of in- 
clination of the helices of the worm in the individual zones of the extruding press. 
All these data on the extruded mass and the desired extrusion pressure resulting 
from them facilitate the decermination of all the requirements imposed on the ex- 
truding press. 

On the basis of a number of interdependence curves for the individual parame- 
ters, given in [118], we can determine the size of the worm, the depth of its chan- 
nel, the heating and cooling systems, the r.p.m., the power required to turn the 
worm, the angle of inclination of the helices, the type of cegassing system, etc. 
However, it must be borne in mind that the propellant masses obtained, particularly 
the composite fuels, generally have a rather high coefficient of viscosity. For ex-~ 
ample, when the combustible component-binder mixture used is in a syrupy state, the 
introduction of about 80% inorganic crystalline oxidizing substance will increase 
its viscosity by as much as several hundred times. In indivicual cases this viscos~ 
ity may reach a value of the order of 10/9 cp. The power rating of the extruding 
press must be very great with such high viscosities and when profiles with large di- 


ameters are shaped. A high viscosity also requires the use of small passages (fur- 


rows) of the worm, and this in turn leads to a reduction jn the capacity of the 
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extruding press. Accordingly, decreasing the viscosity of the mass to be extruded 
is a very important problem in propellant charge technology. 

After appropriate sélection of the components, it is possible in the case of 
composite fuels to reduce the viscosity by employing somewhat higher extrusion tem- 
peratures than with colloidal fuels, because the former usvally have a higher tem- 
perature of excitation (detonation). 

in some masses extruded with worm extruding presses, a structural spatial ori- 
entation of the finished propellant is detected [7]; this affects its burning rate; 
for example, some propellants have a 15% higher burning rate in the direction of ex- 


trusion than in e pernendicular direction. 


3.3.3. Casting 

The most suitable method of propellant charge preparation is casting. This 
method lerds itself to both composite and colloidal fuels (with correctly chosen 
amounts of plasticizer and low-melting components). In the case of composite fuels, 
the combustible component raw material is usually a monomer (a liquid) with an oxi- 
dizer (a solid powdered crystalline mass), which after mixing is poured into forms, 
where polymerization takes place. The charge thus assumes the shape of the casting 
form. We encounter the following problems with this type of technology: suspension 
formation, sedimentation, degassing of the suspensions, etc. In the following, the 
monomer with its additives, such as plasticizers, catalyzers, activators, polymeri- 
zation regulators, ete., is called the liquid, and the oxidizing substance with ail 
its crystalline additives. the solid. 

The solid addec to che liquid is heterogeneous with respect to crystai size and 
also {frequently with respect to the censity (since it is a mixture of various oxi- 
dizer; and other inorganic additives); therefore, from the time the crystals are 


mixed with the liquid until polymerization, the suspended crystal of the solid sub- 


stance tends to sink. The following undesirable effects can take place during the 


precipitation: 








(1) separation of the coarse crystals on the bottom from the fine crystals in 
the upper portion of the form due to the difference in the precipitition rate, 

(2) separation of the denser substances from the less dense substances due to 
a possible difference in the densities of the solids, 

(3) in the deposit formation process, a greater concentration of the material 
being deposited occurs on the bottom of the form and a lesser concentration in the 
upper portion of the form. 

These undesirable effects can be partially or completely avoided through a 
knowledge of the iaws that govern then. 

The settling effect of solids in a liquid can be of 2 types. In the first 
case, when the settling solids do not interact with each other, i.e., the solid 
phase concentration is low, we can consider the settling of the individual crystals 
to be caused solely by the force of gravity. In the second case, when the phase 
concentration is so great that the movement of the liquid around one crystal affects 
the settling of another crystal, there is a settling of the entire suspension as a 
level; and above this, a clear liquid. This type of settling is called sedimenta-~ 


tion. It is posstble to encounter both types of settling in solid rocket propellant 


technology; therefore, it is necessary to give careful consideration to both the 


free settling vf sollds in a liquid and sedimentation. 

The settling of the crystals of a solid in a liquid under the influence of 
gravity depends on the viscosity of the liquid, tne size and shape of the crystals, 
the density of the solid, the interfacial tension between the solid and the liquid, 
etc. For the sake of simplification we consider the settling of spherical solids. 
The rate of settling is uniformly delayed in the initial period; then after a cer- 
tain period of time, when the force of gravity on the crystal becomes equal to the 
resistance of the medium, it begins to settle with a constant velocity. For all 
practical purposes, this uniform motion is reached very quickly and is therefore es- 
sential in the settling effect. 


If a certain spherical bod, with diameter d and density Vie settles in a liquid 
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of density y, the force of gravity W will be 


Wee" G5) (3.41) 


The resistance of the liquid in the case of a free fall of the sphere can be 
represented by the equation 


da? Ut : 
ath Ut, (3-12) 


R i 
4 2g 


where: A the coefficient of resistance, 
nd“/4 = the area of the profile of the body, 
U = the rate of fall (settling). 
In the stabilized settling the force of gravity is equal to the resistance, 
W = R; thus, we have the relationship 
Pak Eee: (3.13) 
3 Uty 
Because A is a function of Re (the Reynolds number), both the velocity U and 
the diameter d appear on both sides of the equation. This equation is not suitable 
for calculating the settling rate of the given particles or for calculating the di- 
ameter of particles settling at a given rate. It is well known that other mathemat- 
ical dependences of 4 on Re are valid for different ranges of the Reynolds number. 
The ranges of the Re number and a description of the phenomena in these ranges are 
presented in Table 3.3. 
In calculating the settling rate, it is best to multiply both sides ef the 


equation (3.13) by Re” (the right side by the derived Re value); we then obtain 


pes. ane (3.14) 


By calculating the right side of the equation, we obtain the value of the pro- 


duct d*Re*. Using the value for A as a function of Re (Table 3.4), we can calculate 
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TABLE 3.3. 


A PRESENTATION GF THE LAWS GOVERNING 


THE SETTLING OF SOLIDS IN LIQUIDS 















Depend=nce 
of X on Re 
for spheres 


Range cf 
Re number 
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A = 0.44 















| Law which 
applies 


Stokes’ 
law 


Allen's 
law 


Newton's 
law 





| 





Description of effect 


Comminution is so small 
that settling is dis- 

turbed by the Brownian 
movement. 


Flow of liquid around 
spheres has a laminaz 
Mature. The viscosity 

plays an important role. 


Resistance depends to a 
lesser degree on the 


viscosity. Transitory 


motion from laminar to 
turbulent 


The flow of the liquid 
around the spheres has 









Dependence of 
X on Re for 
nonspherical 
bodies 





a 
Re 0.843 


1 


X= 


¥ 
log 5-065 





| A= 5.31 
4.884 


| a turbulent nature. 


*For the dependence of 4 on Y, see Kalendarz Chemiczny, Vol. I1(1), p. 721. 


PWI, Warsaw 1955. 


the value of A+Re” as a function of Re. 


When the specific value of this product is known, we find the corresponding 


Reynolds number; hence the settling rate of sphere is determined when its diameter 


is known. 


The most convenient method of determining the diameter of a sphere with a known 


settling rate is dividing equation (3.13) by Re (the right side of tne equation by 


the derived value of Re) 
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Hala 9) (4.15) 
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The values ef the Reynolds number and the dependencies of the coefficient of 
restetance on the Reynolds number given for these values are approximate at the ex- 
tremas of the individual range. In gomu publications these values may be somewhat 
different; nevertheless, bearing, in mind the decreased accuracy of the calculations, 
the cited dependencies for A can be used aver as the extreme of a given range is ap~ 
proached. The extremes of the ranges alao vary with varying sphericity of the crys- 
tals; therefore, the equations given in the last section for particles of low sphe- 
ricity are not valid for extreme values of the Re number ranges. 

After calculating the right side of equation (3.15), we have the value of the 
quotient A/Re. From Table 3.4 it is pessible to calculate the dependence of the 
value of this quotieut on the Re vaiue, from which the diameter of the particle is 
calculated when the settling rate is known, For this purpose it is most convenient 
to set up a similar table of the dependency of the \/Re quotient on the Reynolds 
number. 


TABLE 3.4. COEFFICIENT OF RESISTANCE FOR DIFFERENT 
Re VALUES DURING MOVEMENT 9% SPHERES IN A LIQUID 

















o.1. | 240 700 
0.3 80 20 | 2.55 1,000 
0.5 | 49.5 | 30 | 2.00 | 2,900 
0.7 36.5 50 | 1.50 3,000 
1.¢ 26.5 70) 1.87 5,000 
2.0 14.4 | 100 | 1.07 7,000 
3.0 | 10.4 | 200 10,000 
5.0 | 6.9 | 300 20,000 
7.0 5.4 30,000 
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In the case of nonspherical particles, the concept of sphericity ¥ and the con- 
cept of the substitutional diameter qd are also introduced. 

The sphericity Y is the ratic of the surface area of a sphere with the same 
volume as the particle to the surface area of the particle. The sphericity of a 
‘erystal is readily calculated by assuming that it can be wrote down into crystals 
similar to it due to the regularity of the crystalline lattice. 

The substitutional diameter dq, is the diameter of a ball having a volume equal 
to the volume of the nonspherical particle. The coefficient of resistance in the 
case of nonspherical particles depends not only on the Re number but also on the 
sphericity ¥, which are given in Table 3.3 for individual ranges, 

Introduction of the substitutional diameter d, and sphericity ¥ can be carried 
out only for isometric particles, i.e., those which have all 3 axes commensurate; 
this method can not be used for long needles and thin flakes. 

However, it is possible to encounter non-isometric particles in solid rocket 
propellant technology, e.g., the metallic aluminum and magnesium frequently used in 
composite fuels occur in the form of thin flakes. 

Orientational calculations have aiready indicated that in the case of .»mminu- 
ees of oxidizing substances (to 200 microns) used in composite solid prope.lant 
technology, with rather high viscosities of the liquid (100 cp and up) and with 
rather high densities of the crystaliine components (from 1 to 3 g/em’)*, the set- 
tling takes place primarily in a laminar manner. From these data we can determine 
approximately which law applies to the settling taking place. In this case, when we 
know thst we can apply a particular law to a given suspension, calculation of tne 
particle diameter given the velocity, or the settling rate given the duniieter, 1s 
simplified. Then we introduce the \ values from Table 3.4 in equations (3.14) et 
(3.15); and inserting the developed form of Re, we calculate U or d. Thus, it is 


possible to formulate an equation in U and d for each range of the Re number. If 





*Translator's note: Given in original as etem™ 
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ce < 0: for all practical purpases the solid is suspended in the liquid and the 7 
particles covered by this range are carried away bv ‘urger particles which settle in | 
accordance with the Stokes, Allen or Newton lsws. 


For spheres conforming to Stokes' law, we obtain the settling rate 


a mee (3-16) 
& 


Hence we can easily find the maximum sphere diameter for which this equation 
can be used. It is evident from Table 3.3 that Re < 2 is the condition of Stokes! 
law applicability. After substituting the derived form of Re in this inequality and 


then substituting the expressicn (3.16) in place of U, we obtain 





f 36 gE 


d<¥/ cy als 
YH) Cn 


Then if the specific weight ard viscosity of the liquid and the density of the 
sphere are known, we can calculate the right side of the latter inequality. it the 
given diameter is less than this value, Stokes' law can then be applied to the set= | 
tling of the ball. 
In ar analogous manner, the settling rate within the range of applicability vf 
Stokes’ law and the maximum substitutional diameter can be derived for isometric 
nonspherical particles 


A,d, (y. cal ”) 


iB ye (2.18) 


« 


Ler 2 
4g 


is « 
da Os a3 : 
rn 7 re?) | 


where K. = 0.843 log(p/0.065). 
In order to find the equation in d,> the condition Re < 0.05 is necessary be- 
cause the range of Stokes’ law applicability for nonsphericsl psrticles varies with 


varying sphericity, and the lsw is valid for all configurations only under this 
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condition. 
The settling rate and the allowed ball diameter limits are determined in like 
manner in the case of Allen's law applicatior. 


_ 9.153 dl5 (2, — yor 


Ue (y/e)@% PA ; (3.20) 


19a 8 <2 < oq / ee 
V va-% * ¥(%—%) ey 

Allen's law is not valid for nonspherical particles (the dependence of on Re 
and y has no mathematical formulation), Therefore, in the range’2 < Re < 500, the 
settling rate is calculated by the trial and error method from equation (3.13). The 
settling rate of a particle with a given sphericity is established and Re is calcu- 
lated on this basis. We learn the value of the coefficient of resistance 4 from the 
Re and y values (see reference in Tatle 3.3) and we calculate U from equation (3.13). 
If the calculated value does not agree with the assumed one, another approximation 
is performed in the same way. 

As already mentioned, we are discussing the laminar motion of a solid in a li-~ 
quid with respect to solid rocket propellarit technology; in this connection, a con~ 
sideration of the settling in accordance with Newton's law can be dispensed with. 
Let us consider the following example. 

In order to determive the setvling laws of ammonium perchlorate in an unharden~ 
ed resin, the free settling of a single crystal having a mass of 0.09010 g was stu- 
died expr~imentally. The density of NH £10, is 1.95 gicm” and the settling rate, 


4 


0.005 m/sec (assumed). An attempt was made to determine the sphericity of an 





NH,C10, crystal (assuming that the grains have a similar configuration due to crys~ 
talline structure and the grinding method) and to determine the settling rate for 
several smaller grain sizes used in practice. (The calculated values given may not 
be used for specific configurations, but are only indicative of the calculation 


method.) Having the weight of the studied grain (0.001 g) and the density 
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(1.95 gil), we calculate its volume 
J 
~~ = 0,00055 em} 


This permits the determinstion of the substitutional diameter d, of this grain, or 
the diameter of a ball having the same volume: 


dp =f OV _ fF 0.00055 — 9 101 om = 110-9 
“=. ~~ Ste << 


If we have the settling rate of these grains U = 0.005 m/sec, the density of 
the unhardened resin 1000 kg/m, its viscosity y = 100 cp, then yg = 0.10 kg/m*sec 
(the viscosity is expressed in units of 1 cp = (1079/9. 81} kg*sec/m2). Hence, we de- 


termine the Reynolds number for this settling with the following equation: 


5 «$073 - 10-3 8 
pe w WAY, 5: 10° 10-2 19% 
hE 0.1 








Re = 5.0+ 1073 


With such a small Reynoids number the settling proceeds in accordance with 


24 
Ine — earee i — « 
Re 0,843 Ig---— 
8 0.065 
We calculate the sphericity of the particles from the equation for the settling ‘ 


vate under Stokes’ law: 


Ny sUE ys = 7) 
18 ps 


U= 


inl ye weh- lo +) 1a Yeo 1024 


Stokes’ law, and the coefficient of resistence is 
t 


RG, 108 950 BL 932-107? 
K, = 0.9636 
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K, = 0.843 Ig (y/0,965) = 0,9656 
Ig (/0,065) = 1.1455 
(y/0.085) == 13,98 

y = 0,9087 0,9 » 





We can determine the coefficients of resistance for the entire Reynolds number 


= 

range with the aid of the sphericity. 

: : In the case of Stokes’ lsw we make use of the dependence 
i , 

t 


24 a5 
0.843 lg (y 0.065) Re Re 


If we wish to calculate the diameter for individual Reynolds numbers in the 


range of Stokes! law, it is more convenient to calculate the product directly using 
iRee= 25 Re , 


The values of this quantity are given in the following Table 









0.0025 
U[mm/sec] 0.93 0.36 0.318 0.125 


From the equstion : 7 






wg 


we calculate d as a function of aRe? 
aE a Seg ma 


ARe? = 4 ints —7) ¥ 
3 





d —— 1Re? 
V tG. 7 
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d= 80510-"AReE . 


Using the above equation, we calculate the diameters for the individual values 
of the product aoe’, which is given in the Table. It saliawe from these a 
that under the conditions of the perchlorate comminution ue: the settling takes 
place either within the scope of Stokes' lawor, in the case of finer crystals, the 
crystals for all practical purposes are suspended in the resin. 

When the Re and d values are known, we can calculate the settling rate of the 


individual grains on the basis of the Reynolds number definition 


Reng Reig, 


dy d 

The results of the calculations for several grain sizes are givea in the Table. 
The sizes calculated for one crystal type can serve to determine the sizes of the 
crystals of another substance, in order to achieve an identical settling rate. 

It is evident from tids example that in the case of the usual oxidizing sub- 
stance comminutions, the usual viscosity of the unhardened resins and densities of 
the substances, the settling proceeds either in a laminar manner (Stokes’ law) or the 
solid substence is for all practical purposes suspended in the liquid. Thus, it 
follows that there is no great danger of a separation of the small oxidizing sub- 
stance crystals from the large ones because, as the large crystals settle, they will 
carry ,along the small ones, which would not settle by themselves. 

From this example we also have a means of preventing the separation of crystals 
with different densities, namely: by achieving a finer comminution of substances 
with greater densities and a coarser comminution of substances with lower densities, 
we can obtain an identical settling rate. 

As already mentioned, we have hitherto considered the free settling of solids 
in a liquid, i.e., a settling such that the motion of one crystal does not interfere 


with the settling of another. 
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In the actual prepsration of sclid prupellants, we are frequently dealing with 
the inclusion of a maximum amount of oxidizing substance (up to 80%) in relation to 
the binder. In these csses we have nonfree settling. Settling then essentially 
takes place in the entire mass: a so-called sedimentation takes place, i.e., the . 
settling of a deposit as a layer, above which a layer of clear liquid forms. If the 
suspension is sufficiently dilute, a dense phase, piesa phase and, in the upper 

U portion, a clear liquid phase are furmed immediately after mixing. Toward the end 
of sedimentation the loose phase gradually assumes the concentration of the dense 


phase, and its size gradually decreases in favor of the dense and pure liquid phas- 


at in| 


es. In time the dense phase “swallows up" the entire loose phase and only the li- 
quid and dense phases of the suspension remain. From the time of formation, the 
dense phase continually increases in concentration; and its surface, after the dis- 
appearance of the thin phase, settles with a uniform motion until it reaches a maxi- 
mum concentration. In the case of very concentrated suspensions there is only the 
dense phase from the beginning to the end of sedimentation, and its surface settles 
slowly. 


This settling rate can be represented us follows: 
U=U, ft) ; 


where: U, = the rate of free settling of a single deposit grain in accordance 
with Stokes’ law, 
f(e) = empirical function of the porosity of the deposit (the porosity is 
that fraction of volume of the free space between the grains of the 
deposit). 


For loosely packed deposits 


f@) = 02-19) 


P 
: where: ¢ = VIN, + voi Ve and ¥ = the volume of the liquid aad the volume of the 
e 
| 


solid, respectively. 
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For tightly packed deposits, i.e., when ¢ €0.7, this function can be. repre- 


sented by the simpler equation a 
fl = 0.1232. 
l—-e 








In solid propellant technology, the second equation is more applicable because 


hece we have more concentrated suspensions. 
* 


As we know from the preceding considerations 
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in the case of true spheres, while in the case of spherical particles 
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Thus, the rate of sedimentation for spheres and for spherical lumps can be deter- 
mined from the following equations: 


LY (or 3 
ve 2% o123& 
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Usk (7) os ri 
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If we assume the rate of free fall to be known, then the sedimentation rate 
will be a function only of the porosity «. At the beginning of sedimentation, the . 
porosity of the deposit can be calculated easily; but as time goes on the porosity 
of the deposit decieases and can be expressed as a function of the level of the de- 
posit in the form of a simple expression. The dependence of the rate on the height 
derived in this manner can be used to calculate the settling time up to the moment 
when the settling is complete, or the height of the column of completely settled de- 
posit. Numerous examples of these calculations can be found in the domestic liter- 


ature [35]. 


















A knowledge of the time required for a complete settling of the deposit is nec 
essary in order to be able to establish the time after which tbe binder, pase ioie 
erto in a liquid state, can be permitted to harden (amount of catalyst). The sies- 
it obtained during the sedimentation process is usually thickest on the bottom of 
the vessel and thinnest in the upper portion. However, this density distribution is 
not directiy proportional to the height. 1n most cases, the density of a completely 


° sectled deposit varies but little from the bottom to the top of the column. There 

























is a distinct decrease in the solid phase concentration only at a certain level, at 
the upper surface. Therefore, it frequently occurs in the practical preparation of 
solid propellant charges that the upper portion of the charge is pared off as being 
distinctly different in density than the remainder. In tbis way sufficiently homo- 
geneous charges are obtained (density differences sometimes cannot be detected). 

An important problem in the technology of obtaining cast charges is the elimi- 
nation of gas (air) bubbles from the cast mass. The disadvantage of air bubbles 
lies in a reduction of tbe mechanical strength of the charge, an undesirable, fre- 
quently irregular increase in the burning rate and a decrease in the charging densi- 
ty of the engine. We can avoid air in the cast charges by skillful preparation of 
the solid~liquid suspension, by an equally careful mixing of the suspension, by em- 
ploying a vacuum during casting, etc. 

ln preparing a mixture of a solid with a liquid it is necessary to wet the sol- 
id thoroughly with the liquid before immersion so that the number of entrained bub- 
bles is reduced. Subsequently, by slow (not "turbulent") mixing, the few suspended 
bubbles are removed to such an extent that the cast charge is good enougb witbout 
vacuum degassing. 

Vacuum degassing is not convenient because it increases the cost of charge pro- 
duction and is not suitable for compositions which contain both low boiling and high 
boiling liquid substances. In this case the binder composition would change during 
the degassing process. 


Vacuum degassing is difficult when it is necessary to degas a chick layer of 
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suspension. Therefore, it is frequently useful to employ vacuum degassing in the 
preparation of the mass to be cast; then the degassing takes place directly in the 
entering stream and in the successive thin layers cast. 

As we can see, a whole series of quite divergent problems, which must be worked 
out in a distinct mutual arrangement, is invelved in solid propellant technology. 
There is still no thorovgh knowledge of technology in this field and the above re- 
marks are only generally indicative of the problems which may be encountered. 

All the data in the literature indicate that the most widely used technological 
method in solid propellant production is casting. Consequently, this method receiv- 
es the broadest treatment in this work. 

With resoect to other problems involved in this method, we must also mention 
the problem of oxidizer comminution. This comminution must be precisely defined in 
order to achieve a definite burning rate and appropriate fluidity of the mass. Flu- 
idity of the mass before hardening can be achieved not only by employing a combusti- 
ble component -- binder with a low viscosity but also by applying a proper deter- 
mination of solid particle dimensions. Certain complexes of particle dimensions are 
used instead of crystals of one size. This facilitates filling all the gaps + ee 
the large crystals with small crystals. Sometimes, the so-called castability of the 
mass is impreved by the use of appropriate plasticizers or surface-active substanc- 
vs. The oxidizer, when mixed with the binder (a liquid combustible substance), is 
ready for casting into appropriate forms, there a hardening of the mass takes place. 
Hardening can be carried out at ambient or raised temperatures and depends on poly- . 
merization or vulcanization of the binder -- combustible substance. A suitable core 
is placed in the charge before hardening if the charge is to have an internal chan- 
nel. This core is removed after the charge has hardened; in order to facilitate re- 
moval, it is coated with an appropriate layer of a substance (teflon, wax, etc.) or 
the core is given the proper taper. 

At the present time, the production of composite solid propellants is exclu- 


sively periodic. Therefore, the ballistic characteristics of these propellants are 
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to a certain extent variable, depending on the batch.- This disadvantage could be 


elininated only by introducing continuous production [7]. 
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4, INTERPHASE (SURFACE) PHENOMENA 

Recently, a great deal of importance has baen placed on the question of sur- 
face-active agents for urge in rocket fuel production. 

These agents not only increase the pousibility of "cramming" larger amounts of 
dispersed substances (particularly tha oxidizar) in tha aame amount of combust 1ble 
component, but also incresse the stability of tha rasultant dispersion as well as 
the stability of the fuel by separating tha monomolecular oxidizer layer from the 
combustible component. 

Surface-active agents are substances which luwer the surface tension on the 
boundary of two phases. 

Most surface-active agents have a linear molecular structure whose length con- 
sidevebay exceeds the cross section. The molecules of these substances have 2 ele- 
ments -— s philic group and a phobic group -- and they always arrange themselves 
perpendicular to the surface of the separatad phase. Molecules of this type ay al- 
so contain additional groups, but all these groups must be located along one side in 
ordec to preserve the polarity of the molecules. For example, the hydrophilic 
groups are: —COOMe, —S0,Me, —0-S0,Me, tha hydrophobic groups are hydrocarbon 
chains, preferabiy with 12 to 18 carbon atoms in a simple chain. 

Surface-active substances which dissociate electrclytically are called iono- 
geric or ionic, while rondissociating ones are called nonionic. The former group 
inciudes organic substances, e.g., of the ~COOMe group; the latter, of the —OH 
group. 

Iouvgenic substances are divided as follows according to activity: 

(a) anionic, 

(b) cationic. 

If the phobic chain contains an anion, it is an anionic surface-active sub- 
stance, e.g., C,H,,cOo0O- 


17°35 
An active substance containing a phobic cation in the chain, e.g., BMH, will 
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be cationic. 
Ampholytic substances are alao known. They have 2»philic: groups,‘ one ‘aniono- 


genic and another cationogenic, e.g, cetylaminoacevic acid C6 33N8- CH, COOH zt 
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4.1. Surface and Interphase Tension 
On the boundary of 2 phases there is a surface layer of very small thickness, 
but differing in properties from the 2 phases in question. This layer is the result 
of the inequality of the Van der Waals forces acting on the molecules located on the 
surface or just under the surface, whereas these forces acting on the moleculea in- | 


side the aubatance become equalized. 





Because the action of the Van der Waals forces is inversely proportional to the 
seventh power of the distance between the molecules, the range of these force for 
all practical purposes does not exceed twice the diameter of the molecules. ‘Conse~ 
quently, the surface layer consists of 2 monomolecular layers at the most. 

Because of the large distancea between the molecules in a gas, the effects of | 
the Van der Waals forces are negligible. These forces between the gas and liquid 
molecules in the surface layer are also small and can be disregarded. 

_ The forces acting on the surface layer molecules endeavor to draw these mole- 
culea into the liquid. Thus, the surface layer exerts a cert. ‘n amount of pressure 
on the liquid. In small amounts of a liquid, when the force of gravity is compar- 
able to the curface forces, it can be observed that every liquid will endeavor to 
fill the smallest volume by assuming a apherical form. 

Thus, the surface layer has a certain energy reserve. The work required to in- 
crease the surface area by one unit (e.g., 1 en) is the so-called surface energy c. 


The total energy contained in a given surface is calied the free aurface energy 


bil 


where: of = the free energy increment, 
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aq = the increase iu surface area. 
The surface energy frequeutly replaces the hypothetical ‘concept of surface ter- 
sion. It is defined ae the force acting tangent to th» surface on a section of ‘unit 
length. The force has a vector perpendicular to this section. ‘Evidently, forces 
that are tangent to the surface do not act on it. This is simply a mathematical 


concept arising from the fact that the surface tension, exprassed in dyne/cm, and 


the surface energy, expressed in erg/cn’, have the same magnitude Won * 
gyne . _£. 7... 74 29. Se a a 
cm q wee} 2 git] 

sec cn sec 


The surface tnesions of most liquids (Table 4.1) rarely exceed 50 dyne/cm. The 
surface tension decreases with increasing temperature, and o = 0 at the critical 


temperature. 


TABLE 4.1. THE SURFACE TENSIONS OF VARIOUS LIQUIDS AT 20°C 


o 
(dyne/cm] 






Compound 















Acetone Nitrobenzene 43.9 


Nitroethane 





Benzene 





Chloroform Nitrometnane - | 


Styrene 32.14 
63.4 Toluene 28.5 
47.7 Water | 72.8 | 

nen | c 


Interfacial tension 










Ethyl ether 17.01 


Glycerine 





Ethylene glycol 


If the attractive (adhesive) forces between the molecules of two different sub- 
stances are greater than the cohesive forces between the molecules of the individual 
substances, these substances then mix together, forming solutions, and there are no 


separate phases. On the other hand, if the attractive forces between the molecules 


of each substance by itself are greater than the attractive forces between the 
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molecules of these 2 substances, an interface then results, and also an interfacial 
tersion 9%) 9 (between pheses 1 and‘2). 

The interfacial tensicn is always less than the surface tension of ‘the sub- 
stance having the greater tension by the value of the attractive force between the 


2 substances. The Antonoff rule is most frequently satisfied: for Liquids 


» 04,2 = Oy — 6g 


if these liquids are mutually saturated. 


Work is required to separate the 2 liquids. The work required or 1 fe of sur- 


face is called the work of adhesion. It is defined by the Dupre equation 


Ayg = 0, + 03 —01,2 (4,1) 
If %>™ 0, then for 1 homogeneous liquid 
’ 


Oo, = 0 


= 03) AAP Rye Oy 


This is the so~called work of cohesion, or the cohesion of the liquid. 
Solids als, have surface tension but, because of the immobility of the mole-~ 
cules in the crystalline lattice, the work required to increase the surface area 


cannot be measured directly. Thus, indirect methods are used; however, these are 


not very accurate. 


TABLE 4.2. INTERFACIAL TENSION BETWEEN WATER 
AND ORGANIC LIQUIDS AS WELL AS SOLID SUBSTANCES 


to} 0. 
1,2 1,2 
[ayne/cm] Substance [dyne/cm} 






Benzene 





Chloroform 


















Ethyl ether CaSO 


Pb, 
PbI 







4,° 24,0 
Nitrobenzene 





Styrene 2 





TABLE *.2. SURFACE TENSIONS OF INORGANIC 
i COMPOUNDS ABOVE FUSION TEMPERATURE 


3 : 
[dyne/cn] 





Le Interfacial tension is also present between a solid and a liquid. Experiments 
have shown that the surface tensions of solids are much greater than those of li- 


quids (Table 4.2). 


Three interfaces 
The action of surface-active agents often takes place ‘at a three-phase inter- 
face: a solid -- a liquid -- a gas, a solid -- a liquid -- a liquid, a gas -- a 


liquid -- a liquid. 





Figure 4.1. Equilibrium of the 3 phases: 
G = gaceous, C = liquid, § = solid. 


A solid, a drop of liquid and a gas are shown in equilibrium in Figure 4.1. 
All 3 phases meet at point A. Because equilibrium is maintained, it follows that 
the resultant of forces Ons g, and co é must be equal to zero, 
> 


Op = One +5, cos O 


The work of adhesion of the liquid-solid, in accordance with equation (4.1), is 
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Aad = 06 + 0, — O46 


“Asd = 0¢ (1 -+ 008 0) 





In measuring angle 0, .it:is not necessary ‘to know o, (or the surface tension of 
the solid, which: does not lend itself ‘to measurement) “in order to determine :the work 
of adhesion; angle 6 is called the boundary angle. 

If angle 0 = 0, then Aq? 20, and wet ting is complete, the solid attracts ‘the 
liquid with a force which is at leaat equal to the attractive force between the 
molecules of the Lagi itself; the liquid forms a thin film on the surface of the 
solid. 

If 0° < angle © < 90°, then wetting is good; whereas if 90° < scary O< 180°, 
wetting is poor. On the other hand, it does not happen that angle 0 = 180°. 

If Aad > 20); or Aaa > Anon? i.e., in the case where the moldeandd of the li- 
quid attract the molecules of the other substance more atrongly than they do each 
other, the liquid spreads over the surface. 

Harkins defined the coefficlent of spreading as being a measure of the attrac- 


tive force between the molecules of the 2 substances, as 


S='A,y— 20, 
or 
$= Aw Acoh 
or 


S = 0, — 9; 013 





where S = the coefficient of spreading of the liquid 1 over substance 2; if S > 0, 







the liquid spreads and forms a surface film, whereas if S < 0, the liquid does not 


spread but forms drops. 
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It foilows from the aforementioned that ouly a liquid with a surface tension 
lower than the surface tension of a given substance can spread over the surface of 
that substance. The inverse is never the case.‘ 

Surface-active substances reduce the halirece tension of liquids and thus: in- 
crease the coefficient S, or increase the wettability. 

Some coefficients of spread on water at 20°C are :given in Table ‘4.3: 


TABLE 4.3. COEFFICIENT OF SPREAD 
OF SOME LIQUIDS ON WATER 


n-propyl alcohol 
Oleic acid 
Benzene 


Toluene 

Carbon disulfide 
Iodobenzene 
Paraffin 





4.2. Adsorption 

The surface layer of pure liquids has the same composition as the volumetric 
phase; on the other hand, the compositions differ in soluti.ns. If the molecules of 
a dissolved substance are attracted more weakly than the molecules of the liquid, 
the surface layer will contain more molecules of the dissolved substance than the 
interior of the solution. This effect can be explained in different ways. For ex- 
ample, the substance whose molecules are attracted with a lesser force also has the 
smaller surface tensiiun. We know that every structure aspires to an energetic mini- 
mum, and that the solutions defined above, aspiring to a lowering of the surface 
tension, ‘vill do so by increasing the concentration of the substance with the lowest 


o in the surface layer. 
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If a substance with a greater intermolecular attractive.force, thus with ‘a 


greater surface tension than the solvent, is dissolved, the dissolved substance con- 


~ 


centration is greater in the interior of the solution than in the surface layer. 
An increase in concentration in the surface layer is positive (+) waberithdl. 
A lower concentration of the dissolved substance in he babes layer than in the 
interior of the solution is negative (—) adsorption. 
* Inorganic electrolytes most frequently exhibit negative adsorption, while. most 


organic compounds exhibit positive adsorption. Surface-active substances always 








exhibit positive adsorption. 

If the adsorption is positive, the concentration in the surface layer is high 
and the surface tension of the solution is much iedir than the surface tension of 
the pure solvent. If the adsorption is negative, the concentration is low and the 
surface tension of the solution differs very little from that of the pure solvent. 

The dependence between the concentration and the surface tension was stated by 
Gibbs in 1878. 

re ap 
where: T = the surface concentration in noles/en”, 
a= the activity, 
q = the surface area. 


For dilute solutions in which the activity is equal to the concentration 


c {do 
f= -——-|[— 
RI ‘ea 


where c = concentration. 

The molecules in the adsorption layer always orient themselves peepaiicuiicr to 
the surface, the polar group on the side of the most polar phase. In this manner, 
homologic compounds with unbranched chains and with polar groups located on the 


chain ends, because they have equal cross sections, are subject to almost the same 
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adsorption; also becauae a mole of each of such aubstances occupies practically the 


same surface area 


ATS 


where: N = the Avogadro number, 
T,, = the boundary hiecinentat ica, with maximum packing of the surface by the 
aauealeevter layer. 
An effective lowering of the surface tension occurs with low concentrationa ‘of 
surface-active agents up to the formation of the monomolecular layer. Further addi~ 


tion of the surface-active agent provides only minimal changes (Figure 4.2.). 





Cag Hyg SO, Na met /¢] 


Figure 4.2. The surface tension of an 
aqueous solution of sodium lauryl sulfate 
as a function of the concentration at 20°C. 
Various surface-active substances provide a maximum lowering of the surface 
tension at different temperatures. 
Compounds with the shortest simple chains and compounds with branched chains or 
with a polar group which is not on the end of the chain have their greatest ability. 


to lower the surface tension only at temperatures higher than room temperature. 


4.3. Dispersion 
Dispersion is the state of disseminetion of a solid in a liquid. The stability 
; : 
of such suspensions is frequently not great; so-called flocculation takes place -- 


the scatteved particles collect to form larger clusters, which settle to sh. bottom. 
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Surface-active sgents can counteract flocculation. They are then cailed dispersing 
agents. These agents are cspable of dispersing ‘substances waich have already become 
aggregated; this process is called peptization. 

The following factors are decisive in the stability of .a dispersion: 


(1) the size of the dispersed particles, 





(2) the degree of wettability of the solid by the liquid (S), 

(3) the electric charge of the particles. 

Obviously, the smaller the particles of the dissolved eubstance, ‘the greater 
will be the stability of the suspension and the lesser the sedimentation. 


Stability of the dispersion increases the wettability because with increasing 


perenne aIeT 


coefficient S, the attractive forces between the molecules of the dissolved sub- 
stance and the liquid increase. 

The coefficient $ can be increased by employing surface-active agents; in other 
words, these agents increase the stability of the dispersion,’ as' substances having 
the greatest ability of being adsorbed also have the greatest stabilizing ability. 

Like electric charges accumulated on the surfaces of the dispersed particles 
cause their mutual repulsion. This counteracts flocculation and aggregation into 


i larger clusters and increases the stability. 
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TI. SOLID ROCKET PROPELLANT COMPONENTS 

Solid rocket propellants are divided into 2 main groups: 

(1) Colloidal propellante, otherwise called ibe powders, 

(2) Composite propellants. 

Finally, there is one more group — mixed rocket propellants [35]. 

Colloidal propellants are colloidal solutions of 2 basic dibbttaced: nitro- “ 
cellulose and a plasticizer, which is always an aliphatic nitrate of pcly-hydroxy 
alcohols or a nitro compound. Other constituents are present here in minimal © 
amounts. The oxidizer and the oxidized substances cannot be difketedtieted au these 
fuels because both constituents are self-oxidizing and, in contrast to most compo- 
site fuels, form a homogeneous mixture. These propellants are thoroughly discussed 
in the work by T. Urbanski [33] and therefore only the most recent = ee in 
this field, concerning methods of preparation rather than the composition, will be 
presented here. 

Composite fuels have at least several substances in their composition. The 
most important ones are 2: the oxidizer and the combustibie component. 

The purpose of the oxidizer is to supply oxygen to the oxidation reaction of 
the combustible component. We differentiate 2 principal substances in the combusti- 
ble component: the binder and the plasticizer. 


The binder is an organic combustible substance belonging to the polymer group 





or the petroleum product group; it serves to bind all the propellant constituents 9 


together. 


Plasticizers are used to provide the appropriate. rheological properties during 


. at 


the mixing of the constituents and to obtain the appropriate physical properties af- 
ter hardening of the propellant. Because plasticizers also act as combustible sub- 
stances, compounds having a certain amount of oxygen in the molecule (in the form cf 
nit10 groups, nitrates or nitrites) are frequently used to improve the oxygen 


balance. 





The following constituents are also found 'in composite fuels: 
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- jnorganic combustible substances {metals, metal hydrides, metal borohy- 
drides, etc.), ; 

‘ - stabilizers and artioxidizers, 

| - burning rate catalyzers, 

- moderators, 

- modifiers of the pressure exponent n, 

- vulcanizers and quaternizing ageuts, 

- surface-active agents, 

- polymerization catalyzers, 

~ agents to lower the ignition temperature, 

- hydrophobic substances. 

These substances are frequently called "additives". 

Additives are pe:ent in propellants in small quantities (from hundredths of a 

. part to a few percent) and most frequently, not all at the same time; they play a 

large part in improving tbe physical, chemical or ballistic properties of a propel- 

lant. 

Inorganic combust:ible substances are used to increase the chemical energy re- 
serves of the provejlent. They are finely crushed metals with low seni numbers, 
hydrides of these metals, and sometimes borohydrides, carbides, etc. 

Stabilizers are usually aromatic amines, some metallic oxides and metallic 
salts of weak organic acids. They improve the stability ox the fuels. The anti- 
oxidizers, which cou::eract oxidation of the provellant constituents by the oxidizer 
during storage, are a variety of stabilizers. i a 

Catalyzers serve to increase the burning rate, while moderators act to de- 
crease it. 


Modifiers of the exponent n decrease its value, whereby the pressure effect on 


cd 


the burning rate is decreased and sometimes this influence disappears altogether. 


Polymerization catalyzers, vulcanizers and quaternizing agents permit polymer- 
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ization and the establishment of a spatial lattice of: monomers and polymers. 

; Surface-active areas lower the surfeca tension butween the oxidizer and‘ the 
combustible component, which facilitates the introduction of larger amounts of the 
oxidizer into the fuel. These. oubiatances also exert an influence similar to that of 
stabilizers. Even though they are present in propellants in the amount of hun~ 
dredths of one percent, they do play e very important role, which ig not always duly 
appreciated. 

Hydro yhobic substances eliminete the effect of moisture on the conatituents of 
the propellart. 

Composite rocket fuels are called heterogeneous fuels by some authors, which is 
not proper. It is true that most. of these fuels ectually exhibit a heterogeneous 
nature; nevertheless, some of them, such as solutions of ammonium nitrate in amines 
or additive combinations of sodium perchlorate with dimeshylsulphoxide, certainly 
must be included in the composite fuel group (the oxidizer and the combustible sub- 
stance are different), even though they are completely homogeneous. 

As already stated, some authors also assume the existence of a third group of 
propellants and call them "mixed aolid rocket propellants". They combine the ele- 
ments of the 2 previous groups: oxidizer + nitrocellulose + organic nitrates cr 
nitro compounds. Hovever, this is only a variation of composite fuels by virtue of 
the fact that the inactive plasticizer fraction ia replaced by a self-oxidizing 


plasticizer and the binder is nitrocellulose. 





5. OXIDIZERS 


Solid oxidizers are generally used in the »repsration of solid rocket propel- 





lants:- Liquid axiaisers ‘ire aumost never considered because of their low stability 
| and large vapor pressures. The oxidizer makes up the major portion of the propel-~ 
lant; thWeFore; its consistency is decisive in the aonelt teeny of the propellant 
i itself. . 
; Both organic and inorganic oxidizers are used, although the latter have a dis- 
i . 


tinct predominance because they are more stable, less sensitive to temperature ‘and 
| much cheaper. One of the basic oxidizers, ammonium nitrate, is mass produced aga 
t chemical fertilizer. Organic oxidizers, mannitol or sorbitol hexanitrates, are 
based on foods, so they cannot be inexpensive or mass-produced; they are powerful 
explosives and they constitute a grave danger during technological propellant pro~. 
cesses. 
| } The oxidizer must be a substance which, during decomposition, liberates a‘ car- 


| tain amount of free oxygen, necessary for oxidation of the remaining constituents of | 


cna adc 


the propellant. This oxygen is called "active oxygen" to distinguish it from the 
total amount of oxygeu in the molecule. A portion of the oxygen remains bound in 
the decomposition products of the oxidizer and is unused. 


In the reaction 


1 
2KNO3 + KxO + Nz + 2.-0, 


; only 2.5 molecules of oxygen for every 2 KNO, molecules sre "active", and the. oxygen 
. contained in K,0 cannot be consicered in subsequent oxidation reactions. 
The organic substances of the propellaat and the carbon black must be oxidized 


to gaseous products such as HAO, co and CO,- 





The greatest thermal effect is obtained by oxidation to H,0 and co,. However, 


in this case the mean molecular weight cf the exhaust gases increases over the H,0, 











CO and co, gas mixture, which has an a -erse effect on the specific impulse ‘value. 

It has been found that the largest impulse is obtained with ‘an amount of oxi- 
dizer sufficient to assure oxidation of hydrogen to water,and 50%.of the:carbon .to 
€O and 50% to cO,. In order to supply the necessary emount Shp etnias 
content inaoldw peOieaiawes is 50-90% or more, although its intreduction in ‘amounts 
greater than 75% presents considerable difficulties and a cuntent of 90% is rarely 
attained. Fecause the amount of oxidizer is decisive in determining the rheological 
properties of the propellant, it also influences the choice of charge formation 
method. With lesser amounts of oxidizer the propellant has such alow viscosity 
that it can be ive With larger amounts of oxidizer the propellant must be extrud~ 
ed under berneapendiagly large pressures. Ia any case, the percentage by weight of 
oxidizer ie not as important as the percentage by volume. 

The specific gravity of the oxidizer is always higher than that of .the combus~ 


tible component; the better the volume ratio, the higher it is. By occupying a 





greater volume, the combustible component provides the propellant with better phy- 
sical properties; 50-80% by volume of oxidizer is usuaily employed [36]. 

The oxidizer should fu.fil many conditions. It. should be stable, nonreactive, 
insensitive to impact at an elevated temperature, at least at vie vesgibtadate at 
which the propellant hardens (which is at least 95°C). At the same time. it. must de- 
compose rapidly at the temperature at which the propellant undergoes pyrolysis. The 
reaction between the oxidizer and the propellant must be highly exothermic and the 
activation energy should be high. A high density is desirable not only to increase 


the ratio of binder volume to oxidizer volume, but also inversely, to increase the | 


| 
| 


weight ratio of oxidizer to combustible component and also to "pack" a large amount 
of energy in a small volume of propellant, or, in other words, to increase the spe- 


cific impulse density. The crystals shouid have a shane as close as posaible to 


the spherical in orde. to increa.2 the fluidity of the unhardened propeilaat. They 
should be of very small size, even of the order of several microns, al hough much 


larger ones, up to 0.5 mm, are used. 
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In order to obtain -good propellant ‘properties, the'oxidizer must :be wetted by 
the combustible component; it must not be hygroscopic ‘or moist. ‘It should the Ere 
of phase transformations at .the.cemperatures to‘ which the propeltait 42 exposed dur- 
-ing produccion and storage. It is most preferable if neither the orxidizerinor its 
decomposition rodecis corrode metals. I+ is very undesirable and inadvisable ‘f 
the oxidizer dissolves in the binder because then the propellant decomposition ‘ds 

. extremely rapid end its "life" is shortened. Moreover, for military purposes it is 
frequently desirable that there are no substances in the decomposition products 
‘which can cause smoke or fog. 


Obviously, there is no ideal oxidizer that would fulfil all the above condi- 





tions. Every oxidizer has its good and bad points: Frequently, “the ‘addition of 
certain substances eliminates or reduces the imperfection: in the oxidizer; this will 


be discussed more thoroughly later. j 
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5.1. Inorganic Oxidizers 


The most frequently used inorganic oxidizers are: nitrates and perchlorates 


Bec cee 


y of ammonium, alkali metals and alkaline earth metals. 


The most important of these are: 


NH,NO, NH, C10 


4 
‘ NaNO, NaClo 4 
KNO, Kclo, 
wi 

: 2 LINO, Liclo Pp 
1 Ca (NO) 2 Ca (clo, ) 2 
: Ba(NO,) 9 Sr (C10, )5 

Ba(clo 1) 2 
i hg (C1O,) 5 [37, 38, 39] 


in addition to hydrazine nitrate (HNNH, “NEO,) and hydroxylamine (H-O-NH. 


[40]. 
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in the case of combustible components.with a.small oxygen deficiency, oxidizezs 
with low active oxygen contents, such as chromates, dichromates, chlorates, chlo- 


rites, hypochlorites, persulfates, etc., can also be used’ [41]. 


NaClO, KC10, Ca(ocl), 
NaClo, Kc10, ‘CaCl (0C1) 
NaClo KCLoO 

Na,Cr0 Pp KoCro, 4 

Na,Cr.0, K,cr,0, 

NaS, K,8,0, 


Magnesium and aluminum salts can also be used. 

Oxidizers with large active oxygen contents are used to oxidize combustible 
components with small oxygen contents. If the combustible component contains so 
much oxygen that a vigorous oxidizer could cause explosive ignition, the safest 


procedure is to use oxidizers with a small active oxygen content. 


TABLE 5.1. THE PHYSICO-CHEMICAL PROPERTIES 
OF THE MORE IMPORTANT OXIDIZERS [42] 













Heat of de- 
composition 


kcal/ | kceal/ 
gmol kg 


Active 
oxygen 
[3] 
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1 NO, 2NH,NO, = 48,0 + 2No + 0, 
NH,C10, 2NH,C10, id Not 3H,0 + 
+ 2HC1] + 2 1/20, 34.2 ° 

KNG, 101.10 2.08 2KNO, - K,0 + Ny aig! 1/20, 39.5 

KC10, 132.60 2.54 KC1O, = KCl + 204 : 46 

NaNO, 85.0 2.26 2NaNO, = Na me Ny +2 1/20, 47 

Naclo, 122.60 2.02 NaClo, = NaCl + 20, 52 

a (1H,0) 
Licio 106.44 2.42 Liclo, = Licl + 20 60.1 





4 2 
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As-canbé.seen from a comparison of the properties a ate most isportent ‘tnor- 
ganic ‘oxidizers (Table 5.1), only 2 oxidizers, namely, ammonium nitrste ‘and far 
um. perchlorate, Have positive heats of decomposition; in other words, their. decompo- 
sition reactions ate exothermic. The reason for this fe the Dbiascioe of the intra- 
molecular Nit itech by the oxygen contained in the meierude. A positive heat of de- 
composition Sata ees a considerably greater specific impulse than the utilization 

of oxidizers with SATIN heats of decomposition. This is precisely why the 2 
above~mentioned oxidizers itive the greatest significance; of the 2 ammonium ‘perchlo~ 
rate has gained predominance, although Hick intensive work has been carried out to 


eliminate the imperfections of ammonium nitrate. | 


5.1.1. Perchlorates 
Most inorganic perchlorates are strongly hygroscopic (with the exception: of 
KC10, and NH,C1O,). Liclo, is the best with respect to the active pe tere yee 
although it is the most expensive. All perchlorates are more expensive ‘than ni- 
trates due to the large collie ttoe of electrical energy required for their pibadne 
tion. The basic compound used to obtain almost all the perchlorates is NaCl0, . 


Perchiorates are obtained by the thermal or the electrolytic method: 


thermally: from the chlorates, for example 


— 


4kcio, "™P 3KCIO, + KCl 
electrolytically by oxidation of the chlorate ion at the ancde 


ClO; + © -+ C10; 


Ammonium perchlorate 
As already stated, amronium perchlorate is gaining greater and greater signifi- 
cance because it has a rather high melting point, is not subject to crystal trana- 
mation until about 200°C, has a positive heat of decteonition and is not very hy- 
groscopic. Only gaseous products are evolved during decomposition; thus, no smoke 


is formed. The active oxygen content (34.2%) is not very high when compared with 
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sodium or potassium perchlorate; however, ‘this is compensated by the positive heat 
of decomposition and by the lower mean molecular weight of the exhaust gases. This 
is accurately reflected in the specific impulse values, which «re greater for a-giv- ; / 
en combustible component when ammonium perchlorate is used ‘<- for {CaH5) 5 250 sec 
-~ than for potassium perchlorate; 210 sec (approximate theoretical calculations 


for the polymer’ (CoH), with a large n number). 


a | 


The production method is based on the double decomposition reaction An’ aqueous 


solution 







| NaClO, + NH,Cl—NH,CIO, } +NaC 


Because ammonium perchlorate is less soluble than sodium perchlorate at room 
temperature, equilibrium shifts to the right due to the precipitation of ammonium 


perchlorate from solution. 


The solubility of NaCl, NH,C10, ‘and NaClo, in water (g/100 g of water) is 


oc 25%. 75eCeh aaa 












NH,C10, 11.9 24.9 64.0 
NaCl 35.6 35.9 37.7 
NaClo, 62.87 6758 - 76.7 


At higher temperatures the solubility of perchlorate is greater than that of i 
sodium chloride; therefore, primarily NaCl precipitates out. 


The physical characteristics o NH,C1O, are: 


mol. wt. 117.50 enthalpy H°,9, = 69.42 
density g/ml 1.952 molar refraction 17.22 ° 
mp with decomposition 450°C refraction 1.4868 


The mean molecular weight of the combustion products is 24.5; the specific im 
pulse attained av 70.3 ke cn” with reference to 1 atm for the propellant (CoH,) is 
250 sec. The exponent n is less than 0.8 for many combustible components with a 


burning rate of 0.51-2.54 cm/sec for pressures of 14-140 kien’. The temperature 
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coefficient of the pressure is low also; it is possible to reach a plateau. The 


solubility in g/100 g of solvent at 25°C is given in Table 5,2. 


TABLE 5.2, THE SOLUBILITY: OF AMMONIUM PERCHLORATE 
“IN ORGANIC SOLVENTS, IN g/100 g AT 25°C’ , 


methanol 6.862 n-butanol 0.0170 ethyl acetate 0.032 


ethanol 1.907 ‘i-butanol 0.1272 | ether (insoluble) , 
-propanol 0.3865 | acetone’ 2.260 ; 





The temperature of transition ‘from the rhombic to the- ‘regular structure is 





240°C. NH,C10 4 cnjatadlindd from water as.an anhydrous salt: There are no known 


f hydrates. . However, it does form the triammoniate, unstable.at room temperature. Be- 


low 300°C decomposition proceeds as follows 


so rtenceress 


4NH,C10, -+ 2Clz + 302 + 8H:0 + 2N,O 


and above 300°C the amount of N,0 begins to increase. 


Above 350°C decomposition proceeds according to the equatio. 


10NH,C10, -> 2.5C}. + 2N.0 + 2,5NOCI 
“- 18,75H,0 ayes 1.75N, Na + 6 


CORR TE omen 


+ Ne + 1.5HCI A 
375 


Sr a 


Gas analysis indicates that N,0 reacts with Cl, and results in NOC1. Below 
290°C the decomposition is slow and involves only 28-30% of the salt. The following 


activation energies are observed: 





sorta 


29.6 kcal/mole below 240°C 
18.9 kcal/mole above 240°C 


which are associated with the crystal transformation at 240°C. 
At temperatures of 400-440°C, sublimation is more rapid than decomposition. 
Ammonium perchlorate is more sensitive to impact than ammonium nitrate; it explodes 


if e 10-kilogram weight is dropped on it from a height of 15 cm. It is easily 
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‘ignited in the presence of copper and at the so-called critical moisture content 


(0.5-0.02%) [2]. 


Potassium perchlorate 

This perchlorate occupied the foremost position among the oxidizers -before the 
increased interest in ammonium perchlorate; however, at the present time it -is going 
out of ie Although it has many advsntageous properties such as a large amount of. 
active oxygen (46%), a high density, lack of hygroscopicity and failure to melt at 
low temperatures, it nevertheless does have a number of important disadventages. 
During combustion, RCL ds evolved, which substantially increases the mean molecular 
weight of the exhaust gases; a large amount of heat is consumed ‘in fusion and -vapor- 
ization; and the potassium chloride forms thick white smoke upon ee: The 
decomposition reaction is endothermic and absorbs a large asain of heat. As in the 


case of NH,C10,, it is obtained by a dovble decomposition reaction 
NaClO, + KCl = KCIO, | + NaCl 


The slightly soluble KC10,. precipitates out of the solution. 


The physical characteristics of KC10, are: 


mol. wt. 132.60 density 2.5298 g/mi 
J = 

enthalpy AH’ 298 103.6 c 26.33 

molar refraction 15.37 decomp. t. 580°C 


The specific impulse attained is 165-210 sec. During decomposition, KCl and KC10, 


are produced 


i 
KCIO,-+KCIO, + | 0, 


and form a eutectic, which melts at 556°C. Therefore, decomposition initially takes 
place in the solid phase, later in the liquid phase. 


Table 5.3 gives the solubility in g/10C g of solvent at 25°C. Kclo, forms 
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neither bydrates nor anmoniates. Propellents containing “KC10, have a higb burning 


rate (high chemiluminescence of K), '3-6 cm/sec, and a‘kigber ‘combustion temperature 
5 © ee oto 
than those containing NH,C10,. 


Oxidation of carbon black by KClO, proceeds quietly at 320-385°C, wbereby the 
activation energy for the above reaction ia 40 +.4,kcal/mole and is ‘lower‘than the 
activation energy forthe decomposition of pure KC1O, (70.5 “+ 0.4 kcal/mole) . 


-TABLE-5.3. THE SOLUBILITY OF POTASSIUM PERCHLORATE 
IN ORGANIC SOLVENTS, IN g/100 g AT 25°C 


methanol 0.1051 n-butanol 9.0045 ethyl acetate 0.0015 
ethanol 0.012 i-butanol 0.005 §| ether “(insoluble) 


n-propanol 0.010 acetone 0.1552 | ‘ethylene diamine 2:81 
Methyl amine 1.36 ethylene glycol 1.03 water “2,062 





Tbe temperature of crystal transformation from rhembic to isometric structure 


is 300°C [2]. 


Sodium perchlorate 
Sodium perchlorate ia very seldom used in rocket propellants because of its 
high bygroscopicity, even though it doea contain a large amount, as much as 52%, of 
active oxygen. An example of one of ita few applications is a propellant~adduct of 
dimethyl sulphoxide with water and with sodium perchlorate. It ‘is widely: used to 
obtain other perchlorates. 


The physical characteristics of Nacl0, are: 


mol. wt. 122.60 density g/ml 2.5357 
enthalpy AH" 598 = 92,19" molar refraction 13.58 
mp 482°C ‘ 
It forms the tetraammoniate and tbe monohydrate. It undergoes a crystal tranaforma- 


tion at 308°C. Table 5.4 gives the solubility in g/100 g of solvent at 25°C [2]. 





TABLE 5.4, SOLUBILITY OF SODIUM PERCHLORATE: IN =] 
ORGANIC SOLVENTS AND IN WATER, IN g/200 g AT 25°C 


Methanol 51.355 | 4-butanol 0.786 ‘| ethylene diamine 30:1 
ethanol 14.705] ‘acetone 51.745 methyl amine 90.8 


R-propanol 4.888 ethyl acetate. 9.649 ‘ethylene glycol 75.5 
n-butanol 1.864 ether (insoluble) water : 209.6 





Lithium perchlorate 

This perchlorate has a greater density and almost twice the active oxygen con- 
tent of ammonium perchlorate; thus, the amount of oxygen is 2.2 tines greater per 
unit volume. It is more stable, and fuels concalacy it have a higher combustion 
temperature than those containing NH,C10, . It has several disadvantages: during 
combustion lithium chloride, LiCl, is evolved, and ‘thts has a high molecular weight. 
In addition, its vapors form a thick, white smoke upon condensation after escaping 
from the nozzle. Moreover, LiClO, is hygroscopic; however, no more so than swmcni- 
um nitrate. Liclo, is superior to other oxidizers with respect to active oxygen 
content and specific gravity. When it is used, the highest specific impulse for 
solid propellants is obtained. However, wide use of this oxidizer is not possible 
because of small lithium reserves and because there are no minerals rich in lithiun. 

The best Susi is lepidolite, which contains only 3.6-4% Li and is rarely 
found. Therefore, LiClO 


4, can be used only in exceptional, very particular cases. 


The physical characteristics of Lic10, are: 





mol. wt. 106.44 density g/m] 2.429 


mp 247°C enthalpy AH? ogg = 9-77 


1t has a large n exponent. 


The maximum specific impulse is 250-300 sec and the heat of hydration is 14.2 kcal/ 


mole. 
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Its” decomposition is not observed until above 400°C.- ‘It fcrms a trihydrate 
LiC10, -3H,0, the water of which is very difficult to remove. An anhydroua sélt is 
obtained only after 12 hours of drying at 300°C. The di-, ‘tri- and pentaamoniates 


are also known: LiClO, -2NH,, LiC10, + 3NH, and Li°10, -SNH,. 


< LiClO, occurs in only ofe crystal form. Table 5.5 gives the solubility in 
g/100 g of solvent at 25°C [2]. 


TABLE.5.5. THE SOLUBILITY OF LITHIUM PERCHLORATE 
IN ORGANIC SOLVENTS, IN g/100 g, AT 25°C 






















methanol 182.25 | i-butanol 58.05 n-butanol 79.31 | 
ethanol ° 151.76 | acetoné ” 136.52 | ether 113.72 | 








z-propanol 105.00 | ethyl acetate 95.12 


Perchlorates of alkaline-earth metals 


These perchlorates would undoubtedly be widely used as oxidizers (especially 
magnesium perchlorate) if it were not for theit strong hygroscopicity. In this re- 
spect anhydrous magnesium perchlorate even excels “above phosphoru> pentoxide’ because 


/ 
6H, con- 


it has a greater heat of hydration, but even the hexahydrate, Mge(C20,) 2” OH, 


tains 33.8% active oxygen, or almost as much as NH, C10, - 


The perchlorates of the alkaline-earth metals are obtained by heating NH 


4,020, 


4 
with oxides or the carbonates 


: temp. 
CaO ++ 2NH,CIO, — + Ca(ClO), -- 2NH, = HO 
temp? 
CaCO, + 2NH,CIO, ---+ Ca(ClO,), + CO, 4- 2NH, +- H,O 

Calcium perchlorate, Ca(Cl19,)5 decomposes as other perchlorates to CaCl,. On 
the otber hand, Mg(C10 42 2° 4,0 yields MgO through the (MgC1},0 phase. Because MgO 
has a much lower molecular weight than NaCl or KCl, and even lower than LiCl, it 
increases the advantages of magnesium perchlorate as an oxidizer. 


The enthalpy change of hydration for Mg(C10,), is AH" 598 = 99.1. In addition, 
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Ng (C10,)4 forms adducts with methanol, acetone, pyridine, acetonitrile, aitrometh- 


ane and others [2]. 


5.1.2. Nitrates 

Nitrates are among the most inexpensive oxidizers. The most important cf 
these, such as NH,NO,, KN, NaNO, and Ca(NO,) 4, are widely used 68 chemical ferti- 
lizers; therefore, their production has long been well established. Moreover, some 
of these compounds occur in the natural state. The use of nitrates as oxidizers 
for solid propellants 1s advantageous only in the case of 3H ,NO,- The use of No, 
and NaNo, is not indicated because during combustion they decompose to the oxides 
K,0 (mol. we. 94.19) and Na,0 (61.99) which have a high molecular weight, which in 
turn very adversely affects the specific impulae value. Moreover, these oxides es- 
cape in the form of thick smoke. With respect to the molecular weight of the oxide 
and oxygen content, Ca(NO4)5 is better (CaO = mol. wt. 56.08, active oxygen 492%), 
but both Ca(NO,)., and NaNO, are very hygroscopic, as is KNO, to a lesser extent. 
Moreover, all nitrates. except NH NO, undergo endothermic decomposition. The heat 
of decomposition has a negative value much higher than that of the corresponding 
perchiorates. 

Ammonium nitrate has a distinct advantage over the remaining nitrates and 
therefore it 1s the most frequently used nitrate, although hydrazine and hydroxyl- 
amine nitrates are ‘also used, not to mention lithium nitrate, which has a high ac- 
tive oxygen content (58%) and a more advsntageous molecular weight of the decomposi- 


tion products (Li,0, mol. wt. 29.88) than in the case of Liclo, (LiCl, mol. wt. 
42,40). 


Ammonium nitrate 
This nitrate has a low active oxygen content but a high hest of decomposition ; 
(29.6 kcal/mole). Moreover, all its decomposition products are gases with one of 
the lowest mean molecular weights as compared with other oxidizers. The chief dis- 


advantages of ammonium nitrate are its low melting point (169.6°C), high hygrosco- 
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picity and its phase transformations. The low nelting ‘point frequently ‘csusés the 
ignited propellant to be extinguished through flooding: of the ‘surfsce ‘by the mol- 
ten oxidizer which cuts the eiubaavals Reoeonene Gc from the’ resction zene. ‘In 
order to avoid this, Lube tiacks which increase: the viscosity of fused ammonium ni- 
_trate are added. 

In order to eliminate hygroscopicity, certain hydrophobic ‘agents are .used. 
Because they are used for other hygroscopic substances ‘also, they willbe discussed 
separately. On,the other. hand,. phase trenctorantions>eeuWtreMtlen individual fea- 
ture of smmonium nitrate. Although other oxidizers undergo ‘the ‘same ‘transforma- 
tions, they do so at temperatures much higher than room temperature, which’ does not 
affect the quality of the propellant during storage. Ammonium nittate’has several 
amorphous transformations which are a function of temperature; one of these litre 


at room temperature (Table 5.6). 


TABLE 5.6 AMORPHOUS TRANSFORMATIONS OF NH,NO, 


Heat of 
Transformation transformation 
[kcal/mole] 








v— Iv 

Hi ioe ae SS Rhombic 
TIT + 11 Tetragonal 
Ll I Isometric 





With the transformation V-IV, the volume increases by about 3% and by about 
3.5% with the IV-III transformation {43]. The IV-III transformation is an important 
disadvantage. If ‘ite ammonium nitrate in the hardened propellant is in the IV form, 
the IV-III transformation takes place with an increase in the volume during storage 
at a temperéture of 32.2°C or during functioning of the engine, if subsequent lots 
(of the propellant surface) are heated above this temperature. High stresses arise, 


which could cause cracks and a subsequent unstable, even explosive combustion. On 





PE EE 


the other naad, this traasformation in ‘the sutface layer accélerates the combustion. 
This is the physics] factor, alresdy discussed, which reduced the physical ‘strength 
of the surface, taken into sccount.in-the combustion scheme of a propellant contein~ 
ing NH,NO., (see 1,2, The, Mechenism of Combustion). The IV-LIT‘traps formation sannot 
be prevented; however, this problem ig solved by different methods. “The entire pro- 
pellant preparation process can: be carried: out =— the transformation temperature, 
whereby the LII-IV_tzansformation:takes place after cooling ‘with’a decrease in the 
volume, The nitrste is loosely arranged in bubbles foraed ‘in ‘the combustible compo- 
nent and stresses are thus avoided. When ‘the ‘propellant ia ‘used, 'the ‘ammonium ni- 
trate, being heaced, pssses into phase III and,.upon returning, it coapletely fills 
the bubbles, thus constituting a continuous solid phase with the coubustible ‘compo- 
nent. 
Another method is bssed on elevation of the transformation temperature ‘by a 


few degrees, which car. be done with the aid of certain compounds. Potassium nitrste 


is of particular significance here. Together with other additives, such as Prussian: 


blue, silica and aluminum oxide, it exhibits a synergic action (i.e., the effect re- 
sulting from the addition of 2 substances together is greater than that of the addt- 
tion of esch substance ceparately). Tsble 5.7 gives the transformation tempersture 
elevation. 


TABLE 5.7. TEMPERATURE VARIATION OF THE IV-III TRANSFORMATION 
OF AMMONIUM NITRATE UNDER THE EFFECT OF VARIOUS SUBSTANCES 





Teiperature of 


Additives [%] transformation At. 
1°s] ) 
~ 32 0 | 
Prussian blue 5 42 10 
Trussian blue 4.3 3 
KNO, oR 48 16 
510, 5 : A2 10 
a 
A1,0, 5 38 6 
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It is evident from the:table that the addition or ‘Prussian blue with potassium 
nitrate shifts the transformation tenperature up to 48°C, a temperature that is. not 
reached. under ordinary storage conditions. ‘consequently, the “EY-IIL transformation 
does not take place and no internal atdsees arise [44]. 


The physical characteristics:of NH,NO, are: 


“mol. wt. 80.05 enthalpy R59, = 87.40 kcal/mole 
mp 169.6°C c, (273=293°K) 3.8 
decomp. temp. 210°C heat..of fusion 1.46 kcal/mole 


density g/ml 1.725, 


the mean molecular weight of the combustion products with the ‘binder “(C,H,) is 
21.8. : 

The specific impulse attained with’ the binder (CoHy) is.210 séc: 

The flaze temperature is 1730-2150°C [1], and the low burning rate is'0.1-0.3 
cm/sec at 70 kg/em®. 

It is readily soluble in ammonia, in ethanol at 20°C (3.8 g/100 ml), and in 


methanol at 20° (17.1 g/100 ml). The solubility in water, in. g/100 g,-is 
o°c - 118.3 20° - _192 /100° - 871.0 


Ammonium nitrate is primarily used for gas-generating charges due to its rather 
low specific impulse, low combustion temperature and the non-corrosive paaperties 
of the gaseous combustion products. Propellants containing ammonium nitrate are al- 
so used for assisted take-offs. Propellants containing amines and ammonium nitrate 
exhibit a high impulse value on the order of the impulse of ballistite and can alsc 
be used for rocket propulsion; they may also be mixed with asphalt. 

The use of the related nitrates of hydrazine and hydroxylamine is very problen- 
atic due to the melting point, which is still lower than that of NH,NO., even though 


many authors mention them as solid propellant oxidizers 
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N5H,-HNO, ‘mp 70.7°C 
¥ Pp : . : ec 
unstable NH, 2HNO, mp 104°C 

.NH,,OW*ENO,, mp 48°C 

he 


Other nitrates 

As already stated, the nitrates of alkali metals and alkaline-earth metals ab- 
sorb a large amount os heat energy during their endothermic iiscopsedpallietaed and also 
have a high mean molecular weight of the exhaust gases. Therefore, the specific in 
pulse of propellants based on them is also lower than in the case of NH,NO.. of 
this group of oxidizers only Lino, is taken into consideration in the designing of 
high~energy propellants because of its large active oxygen content. The physico- 
chemical properties of some nitrates are given in Table 5.8. _LINO,, NaNo, and 


Ca(NO,)5 are very hygroscopic. 


TABLE 5.8. THE PHYSICO-CHEMICAL PROPERTIES 
OF THE MORE IMPORTANT NITRATES 






Hydrates 







115.35 






111.71 






—118.08 29.5 






224.05 






LiNO,, NaNO 


and Ca(NO,), are very hygroscopic 


3% 3 
5.1.3. Other inorganic cxidizers 

Oxidizers such as chromates, dichromates and polychromates are used as addi- 

tives for other oxidizers in amounts up to 10%. Because they have the ability to 


increase the burning rate, they will be discussed with the combustion "catalyzers". 


The persulphates have a low active oxygen content and a high molecular weight 
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‘of the combustion products (e.g., K,0 and $0,};. consequently, they ate little used. 
Chioric acid salts explode more readily at- elevated temperétures than the per= 
chlorates, they contain less active oxygen ‘and are not very stable (ammonium chlo- 
rate decomposes at room temperature, resulting in selfsigeatton after’a certain pe~ 
riod of tilse) - 
Chlorites and hypochlorites can be used if an inexpensive oxidizer with a low 


active oxygen content is desired. 


5.2. Organic Oxidizers 

Organic oxidizers do not occupy as important a position in solid propellant 
production as the inorganic ones. Production of most organic oxidizers is very 
costly. Some of them, wannitol hexanitrate, for example, are obguiveduteowsthe pro- 
cessing of food products; others, such as hexanitrcethane, require .several costly 
production steps. . 

Aside from the cost, organic oxidizers are not very stable, especially in mix- 
tures with other combustible components. . They are very sensitive to impact and 
temperature elevations. Most frequently, they are used as additives for-colloidal 


fuels and in composite fuels, mixed with inorganic oxidizers. 


5.2.1. Hexanitroethane 


NO, NO, 
I 
ON GC--G=NO, 


oes 
NO, NO, 


mol. wt. 300.07 mp 142°C 


It is obtained by the action of nitric acid on the potassium salt of tetranitro- 


ethane. 


C.(NO4);Ky -- 4HNO3 > Cx(NOz)s }- 2KNO; -+ 2H,0 








The amount of active oxygen is high: with complete gasification —- \carbonoxi-- 4 
dized.to CO -- it is 53.3%; and it is 42.6% in.the transformation of carbon to CO). 5 
Hexanitroethane is less explosive than picric acid, isnot very stable and be- i 


gins to decompose at 75°C. 


5.2.2. Mannitol hexanitrate 


O,N-O-=CH,~ [CH ] —CH,—ONO,; * 
[les 
i 6) 
ls. ’ 
NOo;I, 
mol. wt. 452 needles with mp of 112-113°C sp. gr. 1.604 


It is obtained by the nitration of mannitol with nitric acid in the presence of j 
sulfuric acid. . : | 
Pure nitromannite is quite stable (similar to nitroglycerin). ‘It dissolves in 

ether and er alcohol; it is insoluble in water. It explodes from ‘the impact 
of a 2 kg weight dropped from a height of accom. With gasification to co, the active 


oxygen content is 28.32. 


5.2.3. Other organic oxidizers 

A number of new organic substances that serve as explosives have recently been 
obtained. Some of them have a positive oxygen balance and can be used as oxidizers. 
However, most of them fall aiert OE the oxygen content required for complete gasifi- 
cation. Because they have a high oxygen content in the molecule and a high heat of o 
decomposition, they are suitable as "catalyzers" of combustion that serve to in- 
crease the burning rate and improve the oxygen balance of the constituents of the 
solid propellants. 

In summarizing, it must be stated that there is not much progress in the oxi- 
dizer field; ioe of the compounds now in use were already known in the last cen- 
tury. The reason for this state of affairs is the fact that the major emphasis has 


been placed on obtaining new binders, while oxidizer development has been neglected. \ 
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6. COMBUSTIBLE COMPONENTS 


“The combustible constituents include the binders, inorganic combustible ‘compo- 
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nents, piewcboixers and some fillers. All require special discussion except the ‘ 
latter, which are seldom-used substances such as wood flour, grain flour or natural 
resins, whose properties and composition are individual characteristics. “Carbon F 
‘black is also used as a filler; the different types ‘of this substance will be dis- ee. 


cussed with respect to its influence on the burning rate. 


6.1. Binders 

In substance, the binding constituents can be almost any known polymer, poly- 
condensate or natural resins, waxes, rubbers, petroleum processing products . (tars, 1 
pitches, asphalts, etc.). 

Their purpose is to bind all the propellant constituents so strongly that the 
charge will not crack or become deformed during transport or during the impact caus- 
ed by ignition of -the fuel or from the effect of other mechanical factors. It is 
also required that the grain not be capable to flow during long storage periods. 

A condition on the usefulness of a binder is a large hydrogen content in rela-~ 
tion to carbon, low nitrogen and sulfur (it is better if there is no sulfur at all). 
In.addition, it is desirable if the binder is not brittle, can wet the other consti- 
tuents well and has a low viscosity during the propellant production process. In 
the finished propellant the binder should have a very high viscosity or it should 
not exhibit the properties of a iguta at all. 

The following substances are used: polybutene, polybutadiene, polyisobutylene, | 
polyethylene, polymethacrylates, aattopelyeess, qelyurectnie polyamides, polyes- 
ters, polyacrylonitrile, polystyrene, thiokols, cellulose esters, ethylcellulose, 
polyvinyl chloride, polyvinyl acetate, nitrated hydroxypolymers, polysiloxates; co- 
polymers, such as polyvinyl chloride-polyvinyl acetate, butadiene-styrene, acrylo~ 


nitrile-styrene, butadiene-vinylopyridine, etc. Sometimes, brittle resins are 
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improved by adding plastic ones, e.g., epoxy resins, by adding thiokols; styrene, on— 
she other hand, by the polyesters. 

Low-melting substances such as tar, pitch and asphalt can be thickened with 
various inorganic substances to preveut flooding by the non~burning surfare. A cer- 
tain content of. oxygen or fluorine (Ghitrise is not as suitable because »f its high 
molecular weight) atoms in the binder molecules is very beneficial.and permits a re- 
duction in‘ oxidizer content. sodeer, a substantial addition of these elements 
causes aunaiyh stability of the compounds and a correspondingly low burning rate. 
Therefore, teflon is not suitable’as a binder. 

Furthermore, if a high specific gravity is desired in the case of the oxidizer, 
a low specific gravity is desired of the combustible components in order to increase 
the ratio of combustible component volume to oxidizer. If this ratio is small, the 
propellant can then have inadequate mechanical pravert ier and the method of grain 
formation is made very Bic rioult amie nice is impossible because of the very low flu-. 
idity. the weight ratio of the combustible component to tee oxidizer is defined by 
% and is called the mixture ratio 


he weight of the combustible component (6.1) 
weight of the oxidizer ag 


The stoichiometric mixture ratio %, is determined for the case of complete com- 


bustion as follows 


M I'v! 
combustible component ,, T : 
I oxidizer 
Br te (6.2) 
. Moxigizer Y) ey : 
T combustible component 
where: I' and I = the quantities of atoms of the given element in the compound 


(oxidizer or combustible component), 


t and v7 * valence of the element, taking the sign into account. 


If the combustible component is composed of several compounds, it is necessary 


Vv. 


to calculate the so-called specific equation, in other words, the gram-atom amounts 
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of the ind-vicual elements in 1 kg of combustible component; likewise ‘for ithe oxidi-~ 


i 


zer. Because such a gram-atom anount i is equal to - 


_ 1000-1 


‘ 1m, 


by multiplying the numerator and denominator of equation (6.2) by 1,000 and substi- 


tuting i and i', we oitain 


“4 
(= te *i) 
,— —.\)__loxidizer » ; 
ae E ; 4} combustible component 
where: i, i' = the number of gram-atoms of the given element in 1 kg of combustible 
component or oxidizer. 
o. gives the combustible component-to-oxidizer ratio, assuming that tbe total car- 
bon is oxidized to Coy, which, as is weil known, is not expedient. Accordingly, ¢ 
must be somewhat larger than . When half of the carbon is oxidized to CO and 
half to cO., a carbon valence value of 3 can be assumed for rough calculations. The 
a. value thus calculated is the most advantageous combustible component-to-oxidizer 
ratio. 
The divergence of ¢ and %, is characterized by the equivalent ratio 6* | 
> 
w, 
With a deficit of oxidizer, ®* > 1, and with an excess $* <1; it is most de- a | 


sirable that ¢* = 1. For most propellants the combustible component content ranges | | 


from 50 to 10%, in other words, the value of ¢ is from 1 to 1/9 [7]. 





There are different ways of preparing propellants. ‘After mixing with oxidizers 
and other additives, the monomeric liquid binder is subjected to polymerization by 
the addition of appropriate catalyzers. Some (phenol) resins are thermosetting, 
while others, such as polyvinyl chloride, the polyacrylates, polyethylene or as- 
phalt, are thermoplastic. Several do not harden but remain soft and elastic, e.g., 
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polyisubutylene. 

1t is necessary that the hardening temperature be low, preferably ambient tem { 
perature, which is understandable in View of the resulting reduction in thermal 
stresses. It is necessary ‘that large volume variations do not occur as a result, of 
polymerization or hardening and that gaseous products are not evolved in order to. 
avoid internal stresses and gas tibee: In order to attain this, it is necessary 
to use monomers with large molecules or, preferably, liquid polymers with ‘large 


molecules, capable of further polymerization or polycondensation. Spontaneous crys~ 


tallization, which can ‘cause cracking of the grain, is undesirable. The binder 


should not dissolve the oxidizer because then the propellant is subject to rapid 
ageing. 

In order to improve the oxygen balance, an attempt is often made to introduce 
nitro groups into the monomers; however, they have en inhibitory effect on the ia - 
merization process and in many cases the polymerization of nitromonomers is impos- 
sible. Consequently, the inverse method is used -- nitration of the finished poly- 
mers; however, the introduction of large amounts of nitro groups is not possihle by 
this method. The esterification of polymers with a large hydroxyl group content by 
means of nitric acid yields better results. Nitropolyurethans can be quite readily 
obtained. They furnish a large specific impulse,but the presence of nitre groups 
tends to decrease the stability; thus, the ageing procc.s is more rapid. 

The binder itself in composite fuels and coiloidal propellants sometimes pre- 
sents a colloidal composition. The huge nitrocellulose or cellulose acetate mole- 
cules form colloidal solutions in piasticizers. Solidification of a propellant of 
this type depends on the appearance of a gel structure; therefore, after the de- 
struction of this structure, these propellants can be extruded at high pressures 
and elevated temperatures, and the original consistency will return during the ceol- 


ing process. 











6.1.1. Epoxy reaina improved with polyenicea or thiokola 
Epoxy resins have a very important chazactaristic -- an excellent ability to. ; 
bind many porous and nonporous matarials, which ia utilized in particular in binding 
the individual pronellant conatituents togethar. However, once hardening has begun, 
this process is rapidly completed and thay becoma brittla upon ageing; this immedi- 
ately limits their use as a binder of avulid propellants unlesa additives are intro- 
duced to improve their mechanical propertiea. The additivea can be a whole aeriea 
of polymers, such as polyamides, polyaatera, polyvinyl acetate a thiokols. The 
thiokole and the polyamidea have proved to be the best. The copolymers formed with 


them have excellent binding propertiea and, furthermore, retain their elasticity 





within wide temperature ranges (—50°C to 80°C), which ia not the caae (particularly 
at low temperatures) for other resin typea. 
Epoxy resins are used in the form of liquid condensation products of epichloro~ 


hydrin with alirhatic or aromatic alcohola. They are diglycidyl polyethers. In the 


case of 1,2-epoxy-3-chloropropane they are compounds of the type: 


CH, CH: CH,-(O-k 3}, O R- O- Cf, CH-CH, 
Nie Sy 
oO oO 


=—CIL—, —CH,—, —C,H,— n= 0,1,2,3 

Condensation preceeds in the preaence of NaOH or BF, [107]. The liquid conden~ 
sate is subjected to hardening. Resins with the most divergent mechanical proper- 
ties can be obtained as a function of the condeiaate composition, hardener type, ’ 
time and temperature of hardening. 

Other epichiorohydrins used are: 1, 2~epoxy-4-chlorobutane; 1, 2-epoxy~8~bromo- 
acetate; 2,3-epoxy-5~chlorododecane; 5,6-epoxy-7-bromoeicosane. 

Aromatic ond aliphatic alcohols are both used for condensation, The aliphatic 
alcohols have 2-2) carbon atoms and 2-3 —Od groups in the molecule. Among others, 
they are: ethylene glycol, glycerine; 1,8-dihydroxyacetate; 1,3,5-trihydroxydode- 
cane; 1,2-dihydroxyeicosane; diethylene and nexaethylene glycol. The aromatic 
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alcohols are: resorcinol, pyrocatechol, hydroquinone, ethylresorcinol, oi(4-hy- 
droxypheny 1)methane (appearing a the Hake of Bisphenol F); dimethyl -di (4-bv- 
idtcepuibay ee thane (Bisphenol A); 2,2-di (d~hydroxyphenyl) butane; “1, 5-¢ihydroxy~ ? 
naphthalene; 00a) Ganeeswpheny) vallerignle acid; 1, 8-44 (p-hydroxyphenyd pente= 
decane. 

However, aliphatic alcohols with 2-12 carbon atoms and 2 —OH groups in the 
molecule are best for cendensation. Condensates bts these alcohols have the gxeat- 
est force of cohesion. , . 

It can happen that the condensation products have too hign a viscosity, which 
would be a drawback in subsequent operations. In this case, solvents are used, 
which also have the ability of entering into the Bop. during hardening. These 
are substances related to the above-mentioned condensation prodvety, as, for exam- 
ple, allyl glycidyl ether, butyl glycidyl ether, phenyl einotae othe (the producta 
of the reaction of 1 mole of 1,2-epoxy-3~chloropropane with 1 mole of the corres~ 
ponding allyl, butyl or phenyl alcchol). “ 

The hardeners for epoxy resins are primary, secondary and tertiary amines, 
.€.g., ethylene diamine, ethylene triamine, triethylene tetramine, abchylené diani- 
line, m-phenyl diamine, 4,4'-diaminodiphcnylsulphone, dimethylaminomethyl phenol; 
liquid polyamides with the NH, and —COOH groups; acid anhyorides, e.g., phthalic, 
hexahydro phthalic, dodecylsuccinic, boron trifluoride complexes with amines; liquid 
organic polysulfides (thiokols). 

Hardeners of active resins such as dimethylaminomethylphenol are used to the 
extent of 2-3% while hardeners of polyamides are used 30-50%. 

Liquid polyamides -~- the products of reactions between dimers or trimers of 
oleic acids and diamines or triamines (ethylene diamine, diethy?ene triamine), have 
proved to be the best for copolymerization with epoxy resins. Other polyamides that 
are uceful here are the condenzation products of the following constituents: 

(a) Polycarboxylic acids with 2-36 carbon atoms in the molecule: oxalic, ma- 


lonic, succinic, adipic, cetylmalonic; fumaric, maleic, allylmalonic, dilinoleic 
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(dimer); vhthelilc, 1,3,5-benzenetricarboxylic; ethyloithalic. 

(b) Amines with at least .2 asino groups possess‘ng at feats op2 bydrogen atom 
at the nitrogen atom. They can contain 2-5 aminc groups and 1-25 carbon atoms, 
e.g., ethylene diamine, trimethylene diamine, tetramethylene diamine, hexanethylene 
diamine, diethylene triamine, triethylene teicamine, tetraethylene peutamine, phen- 
ylene diamine, 2,2-di(p-aainophenyl) propane. ' 

(c} Urea derivatives 
Ry RE-CO-NER, oR - H, hydrocarbon chains with 1-12 carbou atoms; for exanple: 
methyi urea, ethyl urea, tertiary butyl urea, sym-dimethyl urea, gyn-diethyl urea, 
N-ethyl-Ndpropyl urea, N-ethyl-N'-pentyi urea, N-propyl-N+cycichexyl urea, sym- 
diocty] urea, symw-didodecyl urea, sym-diphenyl urea, N-methyl-N'-phenyl urea, N- 
metnyi-N'-faphthyl urea. Urea derivatives with 515 achon atoms in the acteveie 
and with aliphatic suostituents are the best. Mixtures of various amines or urea 
derivatives are also used for pélycoudaneanials 

In addition to the polyamides, polyester~polyamide copolymers are also used as 
additives to epoxy resins. Polycarboxylic acid is subjected to partial esterifica- 


tion bv a polyhydroxy alcohol; and the resultant polyester, which still contains a 





certain nunber of ~COOH groups, is subjected to condensation with a polyamine or a 
urea derivative. For example, esterification of sebacic acid with polyethylene gly~ 
col (mol. wt., 400) is carried out in a molar ratic of 2:1. The esterification pro- 
duct reacts with sym-dimethyl urea, yielding a polyester-polyamide apo jake: 

After intermixing the 2 resins -~ epoxy and polyamide or polyamide-polyester -- 
and after introcucing the oxidizer and additives, the mixture hardens within a tem~ 
perature range of 20-96°C, preferably 20-70°C. 

Epoxy-polyamide resins, as already stated, exhibit a good breaking strength 


within a wide temperature range; this is indicated by the example below. 


Four resins with the following composition were prepared: 














Weight 










‘percent 
Araldit 502 30 
ease. SP - Araldit 502-- a condensate 
Tri (dimethylamino- of epichlorohydrin with di- 
methyl) phenol 3 methy1-di-(p-hydroxypheny1) 
B Areldit 502 50 echo 
Versamid 125 50 
: pena ae a8 Versamid, 125.- a. polyamide with 
Versamid 125 40 -reactive amino groups 
: D Araldit 502 70 
Versamid 125 30. 


They harden at recom temperature. Strips 2.5 mm thick and 13 mm wide were used 





for the studies. The mechanical properties of these resins are given in Tabie 6.1. 


TABLE 6.1. SOME PROPERTIES OF EPOXY-POLYAMIDE RESINS’ 


Impact 
strength 


Impact ‘| Impact 
strength sacra strength 


[kg/cm2] 


Elongation Elongation 


[kg/cm] tz] [kg/cm] 








As can be seen, the best properties are exhibited by resin'C with a composi- 
tion of 60% epoxy resin and 40% polyamide resin. 

Epoxy-polyamide ins are particularly well suited for inhibition of the 
charge surface (the purpose of which 1s to limit the burning surface) because they 


achieve an excellent union with other resins as well as with the container walls. 





At the same time, they retain their elasticity within a wide temperature range; 





this is advantageous in preventing cracking or detachment of the charge coating 


layer. In order-to inprove the impact strength at temperatures higher ‘tin room 
‘temperature, fabrics or porous materiale formed of wolpuenic. polyacrylonitrile, 

| methacrylates, polyesters, polyethylene, cellulose acetate, ethyl cellulose, poly- 
vinyl chloride, polystyrene or cotton are impregnated with epoxy-polyamide resins. 
Such fabrics are fréquently ‘applied in. several fayete: Coatings formed in'this ran- 
Ve seid the high adhesion and elasticity of the epoxy-polyamide resins and in- 
prove the impact strength at elevated temperatures. They are also very resistant to 
continuous and violent temperature changes. For example, a strip composed, of 3 lay- 
ers of polyamide fabric impregnated with the above-mentioned resin C and hardened 


exhibits the following properties [108,109]. 


54°C ° 27°C 74°C 
Impact strength [kg/cm] 661 633 422 
Elongation [%] 36 39 52 


Thiokols also bring about marked improvement in the properties of. epoxy resins. 
Thiokols are the thioplasts which result from the polycondensation of sodium 
polysulphide with the dichloroderivatives of hydrocarbons, ethers, etc. 


For example, the so-called thiokol B with 8, 8'-dichlorodiethy1l ether 


Cl CH,-CH,--O-.CH,- CH,-: Cl--Na,S,_ 


NaCl 
CH, CH,— 


--O CH,--CH,'S!'S 2 
S§|'S 
== n 


Both solid and liquid polymers can be obtained, depending on the initial pto- 
ducts and the degree of polycondensation. 

Liquid polycondensates can also be obtained by the partial reduction of solid 
ones. Then, t.* long chains end in tniolic —SH groups. 

In order to improve the mechsrical properties, the tniokols are subjected to 


desulfurizstion. The coordinately-bound sulfur atcms are welectiveiy removed by 


the action of lyes [8]. 
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It. is better if R ia a long hydrocarbon chain because then the percentage sul- 
fur content is reduced; sulfur is inconvenient due to ita low calorific value and 
the formation of combustion products with a high molecular weight ($0,/~ mol. WE, 
64). 

The thiokola designated by LP=2°and‘ LP=3 are the best known. Thiokol LP~2 ‘1a 


a disulfide obtained from dichloro~diethoxy methan: (98%) 


Cl—CH:CH:—O—CH:—O—CH,CH:C1 


and from 1,2,3~trichloropropane (2%), which has a suitable space lattice for the 


purpose. The result is a polycondensate with the schematic formula 


H(SCH,CH,-O- CH, O—CH,CH,--S--),.- S— CH,—CH~-CH, 
SH 
~S-~-S~CH,CH, O--CH, O—CH,CH,-S-H . 


Thiokol LP-3 is similar but its molecular weight is only one-third as great: 


HS(CH;CH:—O—CH,.~-O- ~CH2CH,—S-—-S—),— 
—CH2CH20CH.9CH2CH2SH . 

p-quinone dioxime and PbO, are most frequently used as vulcanizers for these 
thiokols. Their accelerants are salicylic and maleic acids, ZnCru, and diphenyl 
guanidine. The plasticizers are: furfural, phenol, monc~ and dinitroprenane, di- 
(methoxy-ethoxy-ethyl)azelate aud o-nitrodiphenyl [45]. 

Hardening of the liquid thiokols depends on oxidation of the R-SH groups to 
R-S-S-R. Due - the large linear dimensions of tne liquid thiokol molecules, this 
hardening scarcely results in any volumetric changes at all. It is thus possible to 


form a grain with very large dimensions (even \ 4 meters in diameter) without the 
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appearance of stresses. This is the greatest and most decisive advantage of using 





thiokols ai dgoeEs in solid propellants. At the present time, thioavls aré.gener- 
ally not used separately (by themselves) but: they are improved by combination wit 
other resins, particularly Soy vecten, : 

Thiokols are capable of forming transverse bonds with epoxy resins, and thus 


| providing good impact strength. The formation reactions of these bonds are c*-alyz- 


ed by amines: 


dimet hy 1-amino-methyl-phenol DMP-10 
tri-dimethy1-amino-methy1l-phenol DMP-30 i 
diethylene triamine DET 

benzy1-dimethylamine BDA 


These amines are used in amounts of 10% in relation to the epoxy resin. A 


greater elongation, a lower sensitivity to impact and a decreased brittleness [46] 


are obtained in the polysulfide (Table 6.2). 


TABLE 6.2. THE INFLUENCE OF THIOKOL ON EPOXY RESIN PROPERTIES 


Thiokol LP~3 in parts 


by weight to 100 parts | Tensile , Coefficient of 

by weight ot epoxy strength ill thermal expansion 
resin + 10 parts by 2 °n.10> 
weight of DMP-30 {kg/cm {em/cm*C+10" } 





Data for mixtures hardened for 7 days at 25°C 


Hardening at room temperature 1s carried out for 24-36 hours, and the optimal 
properties are obtained after 7 days. Hardening at 121°C requires acout 1 hour. 
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6.1.2. Vinyl-based resine | 


Polyvinyl chloride 


oe 
HOH I. ; 

is:obtained by the polymerization of vinyl chloride C1HC = CH» which can be regard- 
ed as an ester of hydrogen chloride and vinyl. alcohol. Vinyl chloride is obtained 
by th2. action of hydrogen chloride on acetylene in the gaseous phase. The polymer- 
ized product is commercially av2ilable primarily as a white, powdered substance, 
Due to the low cost of the raw materials and the simplicity of preparation, it is 
one of the least expensive polymers. 

The best binders for solid propellants are prepared by mixing 1 part by weight 
of polyvinyl chloride with 1 part by weight of plasticizer. Hardening reuse place 
at 160-175°C within several minutes. In order to oukase is durability, it is 
necessary to add an HCl~absorbing stabilizer because thé evolution of ‘even small 
quantities of HCl can cause polymer decomposition. 

Polyvinyl chloride is thermoplastic and its elasticity is retained from —50°C 
to v 60°C. However, it has a significant drawback in the large chlorine content 
(56%), which very disadvantageously increases the mean molecular weight of the com- 
bustion products because of its high atomic weight. Consequently, polyvinyl chlo- 
ride is used less and less frequently in rocket propellants [37, 47, 48]. 


Polyvinyl acetate 


can be used alone as a binder, but it is better in a mixture with other substances 


























e= as a copolymer: for example, with: the addition of 28% styrene-acrylonit ri e« 
polymer and possibly also asphalt [49}. However, the copolymer. consisting of 10% 
vinyl acetate and 90% vinyl chloride (Vinylit VYNU, etc.) is more frequently en- 
ea eelea [37,50]. ai 

Polyvinyl alcohol nitrate is obtained by the nitration of polyvinyl alcohol in 
a sulfuric acid solution at a temperature of 40-50°C. The product obtained is read~ 
ily pulverized and softens at 40-50°C. A iaximum of 13.5-14.5% of nitrogen can be 
Geo vpovatad: Polyvinyl alcohol nitraté is inflammable, and itis not very durable. 
Tt can be used as an additive for other biaders but this is aeldon done: [36] becnuse 
it has poor binding properties. 


. Polystyrene 


\ 


Styrene, or vinylbenzene, is obtained by the. dehydrogenation of ethylbenzene 
under a reduced pressure. The polymerization product is thermoplastic but so brit~ 
tle that it readily lends itself to grinding. It follows from this that: polystyrene 
cannot be used as a binder by itself. On the other hand, numerous copolymers, such 
as styrene-~butadiene, styrene-unsaturated ester, styrene-acryionitrile, etc., are 
used. 


Polyvinylpyridine perchlorate 





>CH—CH,— 


\ 
@)J—CH—CH — 
@ cH—CH (clo) lub © (c10P),, 


, , 


H n 


The corresponding polymers, which are not used by themselves, are obtained by 
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the polymerization of 2-vinylpyridine or -4-vinyl pyridine. On the other hand, there 
are references to the use of the perchlorates of these polymers. . 

The salt of perchloric acid and gcix.2-viemlartl dee Te a solid substance with 
a melting point of 85°C, and it readily burns in an inert atanepeaye. This’ salt is 
brittle, but it becomes a themnoplastic mass in the presence of nitroglycerin (51). 


Methyl polymethacrylate and polyacrylonitrile 


CH, 
1 

eer S- y cpa aes 
c=0 CON Js 
, . 
O-.CH. 


Methyl polymethacrylate can be used as a binder because if ‘1as excellent binding 
properties, its solutions in plasticizers exhibit a high viscosity and it is resis- 
tant to impact. The monomer is readily polymerized by heating, preferably with 
some polymerization cubalyaer (benzoyl peroxide). 

Polyacrylonitrile is used less frequently because the monomer is a toxic gub- 
stance and, consequently, great care must be taken in its polymerization. 

Methyl methacrylate and acrylonitrile are both very’ expensive and, ‘consequent~ 
ly, are not used alone in rocket propellants, but rather as copolymers. They are 
frequently added in small quantities along with other bonding substances for better 


propellant particle bonding [52, 53]. 


6.1.3. Unsaturated amides and urethans 
We include the ammonolysis products of acid chlorides, in whichat least one 
reactant has a double bond, in this group. These are amides and urethans, in which 
the ratio of oxygen to carbon 0:C is less than 1:6, and which are expressed by the 


general formula 
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vale? RH, alkenyl or alkenoxyl, 
R'E, a lower alkyl, a iver alkenyl or “Noo, 
R’’-H, a lower alkyi, a lower alkenyl. : 
Whereby at least Sa R is unsaturated. 
In particular, these compounds are: - (1) N,N-dimethylacryl amide, (2). Nenethyl- 
acrylic amide, (3) N-nitro-N-methylacrylic amide, (4) acrylic amide, (5) N,N-dial- 


lylformic amide, (6) vinyl N,N-dimethyi-carbamate. 


1, 2 and 5 are obtained by the condensation of the amine with an acid chloride, 
3 by the nitration of N-methylacrylic amide with nitric acid and 6 by the reaction . 
of the amine with the unsaturated oxy-acid chloride. ; 

These compounds have a very interesting property. In the monomeric state they 
dissolve from 5-30% of oxidizers consisting of perchlorate, nitrate and chlorate 
of ammonium or amines such as: 


: CH:NHa, 
(CHa}NH, (CHs)N, (CH,)NH—-CH,, (CH,).N-GH,, NH, GH 


(CH),.N°, (C,H,),N, (CH,),N--CH, --C,H,, (CH,),N°CH, C,H, . 
In this case the dissolved oxidizer is evolved during polymerization in the 
form of a very fine suspension. The oxidizer introduced into the monomer is then 
partially dissolved and partially dispersed and consequently can be incorporated in 
amounts greater than the dissolved amount, which usually constitutes a few percent 
of the fuel. Because the dissolved fraction precipitates out during polymerization, 
a propellant prepared in this manner does not contradict the prerequisite thet the 
oxidizer should be insoluble in the binder. i 
Otker unsaturated compounds, such as styrene, methyl acrylate, acrylonitrile, 
etc., can also be incorporated in the monomer in small amounts. However, oxidizer 
solubility decreases with increasing content of these compounds. Consequently, the 


above compounds are not added in amounts greater than 25% with respect to th: bind- 


er. 


Polymerization is carried out at 25-100°C, but preferably below 6(°C, utilizing 
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the commonly used polymerization catalyzers, such as organic peroxides, Table 6.3. 


ies . ah : Sg eee ae ae ge as 
presents the properties of “ammonium nitrate solutions‘ in monomeric N,N~dimethy] 


* 


acrylamide, : 
x 
TABLE 6.3. NH,NO, SOLUBILITY IN N,N-DIMETHYL ACRYLAMIDE 
N,N-dimethy2 £ q Temperature of 
acrylamide . solidification 
S Ry 


do not solidify 


even at ~75°C 
24.9 
[ } 40 


The solubility of amaonium nitrate (NH,NO,) in N,N-dimethyl acrylamide at 25°C 





is 25%, that of ammonium perchlorate (NH,C10,), 32%. Moreover, these solutions are 


readily polywerized [54]. 


6.1.4. Furfuryl alcohol 

A condensate which is capable of polymerization even in the presence of nitro 
compounds is obtained ty the condensation of furfuryl alcohol with the evolution of 
water. The above capability is s very significant characteristic because the pre- 
sence of nitro groups renders the polymerization of most monomers impossible. This 
is one of the few exceptions. Due to this dehfacracseeis of the condensate, high- 
energy nitro~compounds, such as pentaerythritol tetranitrate, hexogen, tetranitro- 
butane, etc., can be added to the propellant with no adverse effect on the harden~ 
ing process. 

Polymerization of the condensate takes place with the aid of the double bonds: 


of the furan ring under the effect of strong acids, strong bases, or salts of weak 
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ring and form chain amides 


0 
4 
C9 g=3,4,5 
~HoO -— r= 3,4, 
H,N— (CH,), — COOH ——— (CH,), | 
ae 


TD NH 
fe) 
# ie) 
n (i. | [ é ~ NH 
tele (CH,), ~NH-~ : 

The polyamides and the poly lactams have both been mentioned’ mauy times as bind- 
ers for solid propellants. However, both of them are rather costly resins and hence 
their use is limited. 

Lactams with 5-7 members in the ring lend themselves to polymerization. They 
are readily polymerized even with large contents of anhydrous sodium perchlorate or 
anhydrous potassium perchlcrate at a relatively low temperature in the presence of 
a basic inorganic catalyzer and with an organic polymerization initiator. 


The following lactams are used: pyrrolidone-2, piperidone-2, and e-caprolactam 


CH, CH, 
pr aen AN: ‘ 
ys om GH, CH, cH, a 
CH, C-O CH, c.0 cn, GH 
Ro ba : i] L 2 a 
NH NH - NH -—-C0 
pyrrolidone~2 piperidone-2 e-caprolactam . 


The ac.ive catalyzers are the alkali metals and the slkaliue-earth metals as 
well as their derivatives: hydrides, borohydrides, oxides, hydroxides, carbonates 4 
and amides. These catalyzers are added in amounts of 0.05-5%, preferably fron 0.1 


to 1% with respect to the lactam. 





Polymerization initiators are N,N-diacyl compounds of the type 














nCH, =CH - CC1-CH, -[- CH, CH =Cel ~CH,-~] 


polychloroprene. 

All these polymers have good elastic preperties; however, only carbon and hy~ 
drogen (sometimes chlorine) enter into their composition. "Therefore, & very large 
proportion of oxidizer is required for complete pip itieseii (over 80% oxidizer), 
and with such a content the properties of the propellant become unsatisfactory from 
the mechanical point of view [56]. ; 

Polyisobutylene is suitable for use here because all that is required is to 
mix it hot with the oxidizer and additives. After cooling, the propellant is ready. 
However, the high cost of polyisobutylene precludes its use on a large scale, al~ 
though references to its use in some rockets have been found. For example, the Sky~ 


lark rocket employs a propellant of composition: 


ammonium perchlorate NH clo, 


4 
ammonium picrate 


polyisobutylene 
and has a specific impulse of 177 sec [56, 57, 58]. 


Polymerized chloroprene is known under the nare neoprene. Of course, its use 
is mentioned only in passing because it is rarely used due to its high chlorine con- 
tent, which substantially increases the mean molecular weight of the combustion 
gases (39, 58, 59]. 

Polybutadiene and other polydienes can be used independently as binders, but, 
as already mentioned, a stoichiometric amount vf oxidizer cannot be incorporated in 
them. It follows from this that the specific impulses of these propellants will not 
be high, especially when ammonium nitrate is used, which contains a lesser amount of 
active oxygen per unit of volume than ammonium perchlorate, and the divergence be~ 


tween the required stoichiometric oxidizer amount and the actual content then in- 


créases. 














Some sources mention an NH,NO, content higher than 80% in fuels with poiybuta- 
diene binders (10%) and 10% additives such as combustion catalyzers, carbon black, 
plasticizer and vulcanizer. They state that about 91% ammonium nitrate is needed 
for gasification of the polybutadiene fuel. ! 

In order to be able to incorporate stoichiometric amounts of oxidizer, it is 
necessary to increase the bonding ability of the polydienes. This is achieved by 
copolymerization with other unsaturated compounds or by the addition of certain a 
types of pitches. 

6.1.6. Copolymers of dienes and aikenes 
with other unsaturated monomers 


The most important copolymers are combinations of dienes with vinyipyridine, 


vinylquinoline and vinylisoquinoline derivatives. These are rubher-like substances 
which can be vulcanized and have excellent mechanical properties 2ven with large 
dispersed substance contents. It is not strange that they have recently been class- 
ed as the most desirable and "up-to-date" binders; they are superic: even to the 
polyure*hans. 

The following dienes are used for copolymerization: butadiene-1,3; isoprene; 
piperylene; methyl pentadiene; 2-methyl butadiene-1,3; 2,3-dimethyl butadiene~1,3; 
chlcroprene; alkoxy derivatives such as 2,3-dimethyl hexadiene 1,3; phenyl butadi- 
ene; 2-methoxy-3-ethyl butadiene; 2-ethoxy-3-ethyl hexadiene-1,3; 2-cyano-butadiene- 
1,3. 

bugres with 4 to 8 carbon atoms in the molecule are most frequently used. Di- ° 
ene mixtures can also be used, e.g., butadiene-1,3 with isoprene. 

Heterocyclic N-bases should contain only one group 


CH, oC where oR’ HH, CH, 


whether it is a vinyl or an a-methyl vinyl, or an isopropenyl group. 


Various heterocyclic N-base derivatives can be used, but the total amount of 
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carbon in the chains attached to the carbon of the ring can not exceed the number 15 
because the polymerization rate decreases with increasing alky! groups. 

Compounds substituted with —tH, and CoH, groups are commercially available. 
\ The heterocycl/: N-base derivatives in use are generally rap tesertced WY: ibe 


a fermulas 


R RR R 
z ° ie R RMR 
i 
oF . 
4 “ . R 
RK JR 


where R = hyérogeu or any of the following groups: alkyl, vinyl, a-methyl vinyl, 
alkoxy, halide, hydroxyl, cyanogen, aroxy, aryl and combinations of these groups 
such as: halide-alkyl, alkyl-aryl, hydroxyl-aryl, etc. 


In particular, the compounds are as follows: 


2-vinyl pyridine 2-vinyl-5-ethyl pyridine 

: 2-methyl-5-vinyi pyridine 4-vinyl pyridine 
2,3,4-trimethyl-5-vinyl pyridine . 3,4,5,6-tetramethyl-2-vinyl pyridine 
3-ethyl-5-vinyl pyridine 2,€ diethyl-4-vinyl pyridine 
2-isopropy]-4-nonyl-5-vinyl pyridine s-visiyl ppethide 


2-methy1-5-undecyi-3-vinyl pyridine 


2,4-dimethyl-5 ,6-cipenty1l-3-vinyl 


: pyridine 
‘ 2-decyi-5-(a-methyl vinyl) pyridine 2-(a-methyl vinyl) pyridine 
2-viny1-3-methyl-5-ethyl pyridine 3-vinyl-5-ethoxy pyridine 
z-methoxy-4-chloro-6-vinyl pyridine 2-vinyl-4,5-dichloropyridine 
2-(a-methyl vinyl)-4-hydroxy-6- 2-viny1-4-phenoxy-5-methyl pyridine 
cyanopyridine 


2-cyano-5-(a-methyl vinyl) pyridine 


3-vinyl-4-methyl pyridine 
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3-vir-yi-5-(hydroxy phenyl) pyridine 2-vinyl ouinoline 

2-vinyl-4~ethyi quinoline 3-vinyl-6,7-di(n-propyl) quinoline 
2-methyl-4-nonyl~6-viny1 quinoline 3-vinyl isoquinoline 

4-(a-methyl viny1)-8-dodecy1 quinoline 

1,6-dimethyl-3-vinyl isoquinoline 

2-vinyl-4-benzyl quinoline 

3-viny1-5-chloroethy1 eels 

3-viny1-5,6-dichloro isoquinoline 

2-viny1-6-ethoxy-7-methyl quinoline 

3-viny1-6-hydroxymethyl isoquino: ine 


l-vinyl isoquinoline. 


The most advantageous copolymer is the one with 90% butadiene-1,3 and 10%. 2- 
methyl-5-vinyl pyridine; in cther words, there are about 18 butadien2 molecules, 
more or less, for each 2-methyl-5-vinyl pyridine molecule. This copolymer has the 


following schematic appearance: 


Sy — CH-CH,~—(CH,~ CH=CH —-CH, -)— 
uel) 
N . 


although the number of butadiene molecules (or parts of molecules) between the py~ 
ridine rings is variable, depending on the instantaneous concentrations and the ar~ 
rangement wf the nolecules of the 2 constituents at a given location at the moment 
or copolymerization. 
This copolymer is designated as 90/10 Bd/MVP. | 
With respect to the quantities of the 2 copolymer constituents, some recommend 
75-95% dienes and 5-25% heterocyclic N-bases [39,60], others, 50-95% and 5-50%, re- 
spectively [36,61]. 
It is also possible to use 3 constituents. Then 50% of the diene amount is re- 


placed with styrene, acrylonitrile, etc. [39,60]. 
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Folymerization is carried out in a mass or an.emulsion. It is desirable to 


pan: 


add up to 35 parts carbon black for each 100 parts of comonomer. 
Various vulcanizing or quaternizing agents ard a used to facilitate 
harde-iing. 

The vulcanizers are the same as those used in natural or synthetic rubbers. 
Generally, they are sulfur, p-quinone GMF-dinxime, etc. ‘The accelevants are di- 
phenyl guanidine, dithio korbaminate derivatives such as Butyl Eight and SA=113, or 
benzothiazole derivatives, such as NOBS Special; while among inorganic compounds, 
zine oxide ZnO and magnes('m oxide MgO may be used. 

The hardening temperature ranges from 21 to 121°C and, depending on the temper- — 
ature, the hardening time is from 3 hours to 28 days. 

Quaternizing agents are Ee which cooperate with the nitrogen of the py- 
ridine ring or other heterocyclic N-bases. They are alkyl halides, such as methyl 
fodide, methyl bromide; alkylene halides, such as methylene iodide and ethylene bro- 
mide; substituted alkanes, such as chloroform and bromoform; alkyl sulfates, such as. 
methyl sulfate; and others, e.g., benzoyl chloride, methyl benzenesulfonate, benzyl- 
idine chloride, benzal chloride, benzyl chloride, hexachloro-p-xylene, etc. [62]. 

The quaternization temperature used ranges from 0 to 175°C. 

‘It 1s said that nickel and cobalt salts in the presence of magnesium or: zinc 
oxides are excellent hardeners of copolymers of dienes with heterocyclic N-bases. 
These salts induce instantaneous hardening if they are used in small amounts. Only 
water~soluble compounds are effective; thus, chloriies, nitrates, suifates, etc. 

These salts are added in amounts of 0.05-10 (preferably, 0.5-5) parts by weight | 
to 100 parts by weight of the propellant. The hardening time can be regulated from 
a half minute to 8 hours in a temperature range from 29.5 to 85°C. 

It is necessary to form the copolymer before the addition of nickel and cobalt 
salts because these salts form complex compounds with the heterocyclic N-bases and 
these complexes do not have the ability to harden. 


By way of example, a propellant with a composition (in parts by weight) of 
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83.5 parts of NH,NO,, 16.5 parts of compustible component and 4 parts of (NH,) 9€r,05 
hardens instantaneously after the addition of 1 part of anhydrous sickel chloride 


NiCl, to 100 parts of the mixture. The combustible component of this propel tant 


2 
has the following composition: 


100 parts of the 90/10 copolymer cf butadiene with 
2-methyl-5-vinyl pyridine, ; 


22 parts of carbon black, 

20 parts of plasticizer ZP-211 (section 6.3), 

3 parts of flexamine as the stabilizer ‘(section WT aleee)> 
3.3 parts MgO, 

2 parts of Milori blue as the burning rate catalyzer 


(section 7.2.1). 
On the other hand, 18 parts of this same combustible component with 82 parts of 
NH,NO4 will not harden after 48 hours of heating at 82°C without a hardener. In a 
propellant of composition: 18 parts of combustible component, 82 parts of NH,NO, 
and 2 parts of Milori blue, the tensile strength barely doubles after 12 hours of 
heating at 82°C. The tensile strength also doubles in a propellant with the compo~ 
sition: 18 parts combustible component, 82 parts NHANO,, 2 parts Milori blue and 
0.5 part MgO, when heated for 24 hours at 82°C. A aickel chloride complex with 2- 
methyl-5-vinyl pyridine, added in the amount of 2 parts to 100 parts of propellant, 
does not induce herdening after 24 hours at 82°C (the tensile strength scarcely in- 
creases by 1/4). 

It is evident from the above that nickel and cobalt salts are excellent harden- 
ers and can be used at room temperature, a feature that is very important with re- 
spect t« avoiding thermal stresses [63]. uh | 

Combustible components with copolymers of dienes and N-bases can be improved 
by the addition of a special type of pitch. Then, larger oxidizer amounts can be 
incorporated, whereby the propellant retains excellent mechanical properties. 

Combinations of butadiene-1,3 with styrene, called GR-S, Buna S, or Buaa SS 


rubber, depending on the ratio of the 2 constituents, are among the other frequently 
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encountered copolymers. This copolymer has the following schemat:}« appearance: 


~ _-(CH, CH - 
nr CH, «= CH--CH -= CH, + ny CH=CH, 
wy . 
: -CH.CH,). / CH: CH, 
% 
yy vida 


GR-S rubber contains from 1 or 2 to 25% styrene; the best type is GR-S 1505 
with a composition of 90% butadiene and 10% styrene. Here copolymerization proceeds 
readily at a temperature as low as 5°C in the presence of a catalyzer: activated 
iron oxide. 

This copolymer is vulcanized in the same way as other synthetic or natural rub- 
bers. It is used in many rocket propellants [39, 58, 59, 61, 64]. 

The styrene copolymer with acrylonitrile, frequently modified with asphalt, is 


also used. It has the following schematic formula: 


: --| CH -CH, 
fS «mci, 
ny | 4 nvCH,=CH - CN o> 
\4 
' , 
‘CH, a 
( CN es 
eee 


Most frequently, its composition is 15-40 mole % acrylonitrile and 60-85 mole % 
styrene; most etichle, however, 29 mole % acrylonitrile and 71 mole % styrene 
{39, 49, 65]. 

Among the other copolymers used, we should mention isobutylene-isoprene [58], 


acrylic acid-butadiene (used in the first stage of the Minuteman rocket with oxi- 


dizer Nu, C10, 


and with aluminum dust) [66]. 








6.1.7. Polyeaters and their copolymers 

Polyesters are condensation products of dicarboxylic acids with di- or higher 
hydroxy alcohols, in which with the most frequently used alcohols the polymerization 
products (of ethylene oxide or other alkylene’ oxides with the glycols or the s0- 
called polyglycols) are rich ie oxygen (from the ether bonds) 

1CH,),0 + HO—(CH2),—-OH — » ‘ 
— H[—O—(CHa),.— Ja—-O—{CH,))—-OH 
in which a, b = 2.3, n = 1.2 and so on, until the value, M = 300-450, is reached. 
The glycol corresponding to alkylene oxide is most frequently used, end then a = b. 

The esters themselves are not used as binders, but their copolymers with ole- 
fins are. In order for this copolymerization to be possible, the polyester should 
possess a certain degree of unsaturation. This is achieved by the ‘incorporation of 
a certain amount of unsaturated acids, usually in the amount of 10 to 30% of all the 
acids used for the polycondensation. The acid dissolves in polyglycol and is heated 
in 2 stages: ‘ 

(a) below 150°C and (b) 150-290°C. 

At least 70% of the theoretical amount of water should be removed. The amount 
of water distilled off is a measure of polyesterification progress. The heating 
lasts for 6-30 hours. The pressure is reduced toward the end. 

The molecular weight of the polyester depends on: 

(a) the molar ratio of alcohol to acid, 

(b) the degree of over-reaction (this indicates the ‘ani of water), . 

(c) the molecular weight of the alcohol and the acid. 

lt is most preferable if 80% of the water is distilled off. The greater the 
alcohol excess, the more complete the reaction. With 20% molar excess of alcohol, 
the reaction is 85-95% complete. With 30% molar excess of alcohol, it is 90-100% 


complete. Therefore, a 20% molar excess of alcohol is most frequently used. 
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The ciefix. monomer is used in amounts of 1:4 to 1:1 in relation to the polyes- 


ter. 50% olefin and 50% polyeater is most frequently. used. 
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With larger numbers of transverse bonds these resins’ are thermosetting and with 





smaller numbers, thermoplastic. The hardening takea place at 104°C. The presence 


of olefins induces the formation of a space lattice. 
The copolymerization catalyzers are: tertiary-butyl hydrogen peroxide, .cumene 
7 hydrogen peroxide, benzoyl peroxide, lauryl peroxide, acetobenzoyl peroxide, di(t- 


butyl) peroxide, methyl ethyl ketone peroxide, cyclohexanol 1-hydrogen peroxide, 





and cycloalkane peroxides. Some catalyzers, such as cyclohexanol 1-hydrogen per- 


oxide and cumene hydrogen peroxide, have the ability. of inducing polymerization at 


Se aie 


room temperature. The catalyzer content is 0.5%. 

The polymerization accelerants are cobalt salts, particularly cobalt naphthe- 
nate. 

4 large oxygen content in polyester resins is advantageoua in that the stoi- 
chiometric amount of oxygen necessary for their oxidation can be achieved with a 
lower oxidizer content than, for example, in the case of synthetic or natural rub- 
bers. The frequently excessively high brittleness of these resins is a disadvan- 
tage, however. Some fractions of saturated liquid polyesters (wich have proved to 
be exceilent plasticizers and sometimes also function as surface-active agents) can 
counteract cad imperfection. 

The following acids are used for polyesterification: oxalic, malonic, succin- 


ic, glutaric, adipic, pimelic, sebacic and citraconic; the wisaturated acids: ma- 








leic, fumaric, citraconic, mesacoric, itaconic, etc., and also the anhydridea: ita- 
conic and phthalic. 
The polyhydroxy alcohols used are: ethylene glycol, diethylene glycol, tri- 


ethylene glycol, propylene glycol, glycerin, erythritol, pentaerythritol, arabinol, 


adonitol, aylol, mannitoi, sorbitol, dulcitol, persitol, wolamitol and the polyeth- 
ylene and polypropylene glycols. 


Olefins which undergo copolymerization with polyesters: primarily styrene, 
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and then vinyl acetate, the acrylates, the methacrylates, acrylonitrile, diallyl 
giyeolate, diallyl digly-olate, diethylene glyce: diacrylate, ethyiene glycol acry- 
late, diethyiene glycol.diallyl carbonate, diallyl phthalate, ‘diallyi maleate, pro- 
pyleae glycol diacrylate, butandiol+1,3‘diacrylate} propylene, ‘butadiene, ‘etc. [5, 
67, 68, 69}. 


6.1.6. Polyurethans 
The polyurethans arise from the reaction of diisocyanates with di- or higher 


hydroxy alcohols, depending on whether linear or spatial polymers are obtained tS 


nH--O--R- O-H4nO-—C-N-R’ N-CH-O 


| oC Oo 


-»l-c@ R-O CNH-R NRC 


“in @ 


The diisocyanates are obtained from diamines by reaction with phosgene. 

Some American firms have recently synthesized nitropolyurethans. These are 
polyurethans whicn were obtained from nitrodiisocyanates or from polyhydroxy nitro- 
alcohols, or from both at the same time. 

Nityroisocyanates have a low sensitivity to moisture at room temperature, and 
they can be ebtained by a simpler method than by the reaction with phosgene. It 
was learned that the nitroacid halides react readily with an aqueous solution of so~ 


dium azide with the liberation of nitrogen 


R’ oO R’ 
R CA © CLNaNy—eR GA NGOGNACLEN, . 
NO, NO, 


A * alkylene, 





R = alkyl, carboalkoxvl, 


Rt 


n 


nitro, alkyl, H. 
Accordingly, it is assumed that the necessary nitrodiisocycnatcs are obtained 


in an analogous manner in the reaction of sodium azide with nitrodicarboxylic acid 


204 



























cnioriae. 
When aromatic, diisocyanates. are used, .the. nitro :groups can eppear at ‘the ring. 
lt has been found .that. the, best. polyurethans’ heve long linear molecules: and i 
that any branching has.an adverse effect. Gonsequaicly,, ‘He iygiyeeameile straight 
chains are, the most useful.; Polypropylene..giyeol does not ‘comply with this condi~ 
tion because it contains many secondary hydroxy groups. 
_ In order to, obtain:a suitable polyglycol, the copolymerization of ethyiene ox- 
ide with tetrahydrofuran in the presence of BF, and ethylene glycol hasbeen carried 


out in more,recent times. 


"HO GH, CH, VOM enGH, (Gi, CH, CH, > 


oO ‘CH, CHL 


oO 
-- HOCH, CH, 0 (GILGH, O | CHLCILCH.CH, Oj, H 


The molecular weight of the diol depends on the amount of catalyzer used: the 
larger this amount, the lower the molecular weight. For example, with a 1 mole % 


BF, content, M of the diol = 5290; with 6 mole %, M = 1220. The diol obtained is 


3 
polymerized with 4,4'-diisocyanate of diphenyl methane. This latter compound also. 
serves to increase the linear dimensions of the copolymer nelacaies. 

In addition to the diisocyanate mentioned, there. are references to the use of 
toluene diisocyanate, which is a mixture of the 2,4- and 2,6-isomers'in:a ratio of 
80:20. Of the linear aliphatic diisocyanates, hexamethylene diisocyanate is used. 


Obviously, this does not exhaust even an infinitesimal proportion of diisocyanate 


compounds, and a few data on this subject are required to explain the industrial and 





State secrecy, because polyurethan binders are greatly superior to most other sub- 


f stances due to their many advantages. 


' Polyurethans are obtained by mixing diols with diisocyanate and heating with 
b ‘ : 
: or without a catalyzer, during which time hardening takes place. Depending on the 


-NCO/-OH ratio, the resins range from viscous syruy2 (for low values) up to rubber- 








like products (for high values). 

"The optimal properties are obtained with an excess of diisocyanates, at least 
20 mole %, at the most, 30 mole %.° The reaaon an exccss is necessary is probably 
the partial siembiacgle of diisocyanate dimers during copolymerization with the ‘diol. 

If space lattice formation is necessary,’ certain amounts of :triol are also’add- 
ed to the reaction. 

The polyurethans are elastomers that adhere weli to container walls,’ have-a 
good. elongation capability and an increased amount of oxygen in re molecule; and 
they furnish high specific impulses with ammonium perchlorate. ‘For'the Polaris pro- 
pellant based on polyurethans and NH,C10, , the Aeroject-General firm obtained a spe- 
cific impulse greater than 250 pee, land with the addition of light metala, greater 
than 270 seconds. 

The Aerojet Company’ also synthesized nitropolyurethan, which can develop a spe- 
cific impulse of 250 seconds; and with only 65% oxidizer content, it possesses a 
stoichiometric amount of oxygen. A reduction of the oxidizer amount results in bet- 
ter physical properties of the propellant. However, this improvement is accompanied 


by a greater sensitivity and a lower chemical stability of the propellant [40, 56, 
70, 71, 72, 73, 74). 


6.1.9. Polyamides and polylactans 
Polyamides result from the condensation of polycarboxylic acida with poly- 


amines. Most frequently, one or tae other is an aliphatic compound 


fo) o 
Va W 
n HN-~(CH,)¢—NH,+ 2 HO: C - (CH,)» Zon 
i QO 1?) 
20,0 (i a 


soi L-NH-(CH,)e—-NH OG (GH, © tn 


On the other hand, lactams are already intramolecular amides. They result from the 
dehydration of the corresponding aminoacids. The molecules thus formed under the 


influence of appropriate catalyzers have the ability to break the amide bonds in the 
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form chain amides 


(e) 
4 


~C -0@=3,4,5 
~H (0) nit 6 Ea 

H,N~ (CH,), — COOH ——— (cH,), | 

Be eth 


“NH 


? 
f 0 


PO i 

ee 4 
n (cit,).. | moet 
NH . 
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The polyamides and the polylactams have both been mentioned mauy times as bind~ 
ers for solid Aapetruca? However, both of them are cathet costly resins and hence 
their use is limited. 

Lactams with 5-7 members in the ring lend themselves to polymerization. They 
are readily polymerized even with large contents of anhydrous: sodium perchlorate or 
anhydrous potassium perchlcrate at a relatively low temperature in the presence of 
a basic inorganic catalyzer and with an otbede polymerization initiator. 


The following lactams are used: pyrrolidone-2, piperidone-2, and e-caprolactam 


CH, 
CH, -CH, 


rail | 
CH, C=:0 
BR 


“NTE NH 


pyrrolidone-2 piperidone-2 e-caprolactam . 


The ac.ive catalyzers are the alkali metals and the elkaliue-earth metals as 
well as their derivatives: hydrides, borohydrides, oxides, hydroxides, carbonates 
and amides. These catalyzers are added in amounts of 0.05-5%, pratense £5 ae 0.1 
to 1% with respect to the lactam. 


Polymerization initiators are N,N-diacyl compounds of the type 































Oo :$.0O 
: Ya yee 

A UN--B where A is the acyl radical —-C--,--C--, ~S~ 
R fr) 


B is the acyl radical 2). €-,-8-,04N— 


R is either A, or B or the aryl, alkyl, aryl-alkyl, alkyl-aryl, cyclo-alkyl, pyri- | 


dyl, quinoyl or other groups containing carbonyl, N-substituted carbamyl 


heey 
\RHN -G 


2 


alkoxyl, sulfonyl, tertiary amine and other groups which would not react with the 
lactam or with the polymerization catalyzer. 

‘The A and B radicals can be joined together, forming a ring witn the nitrogen 
(cyclic imides). Sometimes the A radical and tertiary nitrogen can form a ring 
without the B radical (lactams). The best ones are N-substituted imides with 2 acyl 


groups 


N-acyl lactams, such as N-acetyl~pyrrolidone-2, N-acetyl~c~caprolactam, N-ben- + 


zoyl-e-caprolactam, N-toluoyl-w-decanolactam, etc., are particularly effective. 





Another type of N-substituted imides contains cyclic imides of dicarboxylic 
acids, for example, N-phenyl succinic imide, N-pheny1 maleic imide, N-methyl’ succin- 


ic imide, N-benzoyl succinic imide, N-methyl phthalimide, N-acetyl tetrahydrophthal- 


imide and N-benzoyl phthalimide. 
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Compounds with larger numbers of tertiary nitrogens are N,N‘, N''-trimethyl es~ 
ter of isocyanuric acid and N,N'~di-(phenyl~carbamyl)-N;N'-dimet hy1 urea. ; 
‘Other imides Be N,N-diacetyl methylamine, N,N-dibenzoyl aniline, triacetamide, 

N-acetyl-N-formyl ethylamine, N-propionyl re etc. 

The .sulfamides are W-acety1-1-ethyl-p-toluene sulfamide, N-ethy1-N-lauroyl- 

ethyl sulfamide, N,N-diacetyl-methy! sulfamide, N-(phenyl sulfonyl) succinimide, 
4 Nemethyl saccharin, N-acetyl saccharin and N-acetyl-N-methyl bédcee sulfamide. 

The disulfamides are N,N-di(p-toluene sulfonyl) anilide;-N,N-di (benzene sul- 
fonyl) methylamine and other N,N-di(benzene sulfonyl) alkylamines and N,N-di(alkyi 
sulfonyl) alkylamines, for example, N,N-di(methyl sulfonyl) ethylamine. 

The N-nitrosoamides are N-aitroso-pyrrolidone-2, N-nitrosuccinimide, N,N-di- 
acetyl nitrosamine, N-nitroso-N-methyl urethan, etc. 

The N-nitroso sulfamides are N-nitroso-N-methyl-benzene sulfamide; N-nitroso- 
-methyl-p~toluene sulfamide; N-nitroso-N-ethyl~methane sulfamide; N-nitroso-N- 
phenethyl-butyl sulfamide, etc. 

One or more acyl oxygens can be replaced by sulfur without reducing the effec- - 
tiveness of these compounds, e.g., N-thio-benzoyl pyrrolidone-2; N-thiopropionyl- 
maleic imide; N-phenyl-dithiosuccinic imide and N~(n-octy1-carbamy1)-thiopyrroli- 
done~2._ 


Polymerization initiators are used in amounts of 0.01-5 mole %, better 0.01-2 


mole %, best 0.1-1 mole % with respect to the lactam. 





—s 


t . lf a polymer with a larger molecular weight is desired, a lower initiator con- 
centration is used. 

The entire polymerization process may proceed at a temperature up to 250°C, 
preferably up to 190°C, and most preferably from 130 to 170°C. For lower-molecular- 


weight lactams (pyrrolidone) this process can begin to take place ata temperature 


as low as 35°C [49, 75]. . , , | 








Cellulese is a nstural polycondensste consisting of cyclic d-glucose molecules 


joined (sfter removal of the water molecules) by ether bonds u 


~lone 
2nC.H0,22nzHLO , al HOR: f 
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6.1.10. ssters and cellulose derivstives 


In general, we can sssume the cellulose formula to be (CoH, 05)» because the i* 
He and OH- chsin rerainal sroups have little significance in view of the euormous 
molecular weight of cellulose, defined ss from 300,000 to 500,000. 

There are only 3 hydroxy groups for 6 carbon atoms; accordingly, only a corres- 


ponding number of acyl or alkyl groups can be incorporated. 


Cellulose nitrate (nitrocellulose) 
Nitrocellulose results from the esterification’ reaction of cellulose with ni- 


tric acid or with nitratiog mixtures or with nitrogen oxides. 
(CoH 190s), + n~ HNO,— [CeHyo-,Os_\(ONO;),]. + 22H 


where x can have a number of total and fractional vaiues from 0 to 3, corresponding 
to a nitrogen content (the so-called nitrogen number) or from 0 to 14.15%. 


Pure nitrocellulose is chenically stable; but the impure substance, psrticular- 





ly the nitrating mixture, is resdily decomposed, is very sensitive to impact and ex- \e 
plodes with ease. The cellulose sulfates end sulfate-nitrates which arise’ during 
nitration (in the H,S0,-HNO, nitrating mixture); and some cellulose decomposition 

and oxidation produ-ts contribute to this instsbility. In order to avoid these ad- 


j 
verse properties, the nitrocellulose is subjected to stabilization. The sulfate ‘es- 


ters in question readily undergu hydrolysis by boiling in dilute acids during pre- 


paration. Thus, the nitrocellulose is boiled in 1% H,S0,, then in water, later ina 














: 
e 
% 


—e 


ete 


apenas 


i 
; 





weakly alkaline solution and finally again ‘n-water. The density of the’various ~ 
nitrocellulose types is about 1.65 gien’. 

Nitrocellulose dissolves in many solvents, depending on the degree of ‘nitrstion 
as well as the method of nitration. Colloidal solutions result. Organic and inor- 
panic esters (nitrates, phosphates, silicates), ketones, ethers, aldehydes, alco- 
hols, nitrocompounds and heterocyclic compounds are good solvents: 

The viscosity of the solutions depends on the size of the molecules as well as 
the degree of nitration. Nitrocellulose with a higher nitrogen content ‘has a higher 
viscosity in solution. 

Nitrocellulose buens readily without detonstion. ‘An’explosion can occur if it 
is burned in a closed space. 

When it is used for colloidal fuels, i.e., the so-called smokeless powders, it 
ususlly contains more than 12% N. However, the nitrogen content should not be too 
high, in order for the nitrocellulose to be capable of dissolving when hot in poly- 
hydroxy alcohol nitrates and forming a homogeneous gel after cooling. In some meth- 
ods of producing nitrocellulose and nitroglycerin powders, the nitrocellulose must 
also dissolve in the solvents used. Usually, the most suitable substance is one 
with a nitrogen content of 12.62. 

The nitrocellulose content varies widely in different propellants, from a low 
value of 20% to a high value somewhat below 90%. 

, Explosive substances (nitroglycerin or nitrodimethylene glycol, nitroaromatic 
and nitroaliphatic compounds) as well as nonexplosive substances (phthalates, or- 
ganic phosphates, organic silicates and mixtures of them) are used as plasticizers. 

Nitrocellulose is an excellent binding agent. It is very elastic when plasti- 
cizers are added. It readily binds solid substances and forms a gel of liquid con- 
stituents. 

The disadvantage of nitrocellulose is the impossibility of casting powder 
charges due to the fact that colloidal solutions with large nitrocellulose contents 


have such a high viscosity that it is possible to obtain only grains with small 














diameters even by employing extrusion methods. Other methods ‘are based on the 4 
use of a solvent, but even in this case it is not possible to form:grains of large 
diameter hecause it is very difficult to evaporate off the solvent. A new method is 
similar to that long used for nitrocellulose powders without a plasticizer. This 

method consists vf the introduction .of nitrocellulose, nitroglycerin, stabilizers 

and o:her additives to an ethyl acetate emulsion in water. During intensive mixing, 
these Sapa ae dissolve in the ethyl acetate. Then the solvent is distilled 

off and spherical particles of homogeneous propellant remain in the water. These 
particles are drained dnd dried and then molded (by obeyreedbee into a grain of 


appropriate form [6, 53, 67, 76, 77, 78, 79]. 


Organic esters and cellulose ethers 

Esters of the lower aliphatic acids and cellulose are frequently used as bind- 
ers for propellants. The best of these are the acetates, propionates, butyrates, 
etc. The esters can also be mixed, e.g., acetate-propionates, acetate-butyrates, 
Sage eee etc. They are obtained by the action of anhydrides of the appro- 
priate acids on cellulose. ; 

These esters are classified by the percentage of the given acid obtained after 
hydrolysis and by the viscosity of the 20% acetone solution at 25°C. 

The cellulose acetate used donthinn 51-57% acetic acid, most preferably, 54- 
56%; the viscosity in acetone at 25°C is 2-80 cp. The best cellulose acetate- 
butyrate contains 7-55% acetic acid and 16-61% butyric acid ‘and has a viscosity in 
acetone “of 10-40 cp at 25°C. ° |* 

The cellulose ester particles should be spherical or nearly so, with a maximal 
diameter of 100 microna and be nonporous. The best density is 1.2-1.3 glen’. 

“Like nitrocellulose, cellulose esters are capable of forming a gel with the 
liquid constituents and binding the solid ones. After mixing at a low temperature 
(preferably 35°C), all the ‘substances entering into the propellant mixture composi- 


tion are heated to 100-155°C, depending on the composition, whereby the cellulose 
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ester dissolves in the plasticizer, then gelation begins and the propellant hardens. 
This gcdebel is also possible at lower temperatures, but it reguires a much longer 
time. This is complicated by the fact thet the plasticizer aitea, ay the interior 
of the cellulose ester particles, resulting in Ridtini mee homogeneity of the, mix- 
ture. If nitroglycerin is used as the softener, the hardening temperatures cannot 
exceed 115-120°C. The propellants obtained with cellulose esters have thermoplastic 

° properties. 

The use of cellulose ethers, the so-called alkyl celluloses, as binders has 
been mentioned more than once. Kisji-aceop derivatives with a carbon atom content 
of less than 6 are used. Most frequently encountered:is ethyl cellulose. Alkyl 


celluloses are obtained by the action of alkyl chlorides on cellulose 


nie 
nolen.o} + 62co—eL 
\ org... C 
7 7 J 
i UC CHUCH. Jy 


in which the degree of etherification can be different, depending on the reaction 
conditions and the amount of alkyl chloride. The monoalkyl celluloses :are the’ best 


(38, 40, 43, 44, 49, 67, 80, 81]. 
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6.1.11. Nitrates of hydroxypolymers 

Attempts have long been nade to obtain highly nitrated polymers. However, as 

) Fj is well ‘known, nitroalkenes polymerize either very reluctantly or not at all. Con- 
sequently, satisfactory results could not be obtained by this method. Recently, in 
| vestigations have followed another course. Well known and widely used polymers con- 
; taining double bonds were subjected to hydroxylation by hydrogen peroxide in the 


presence of a catalyzer (formic acid) 
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The hydroxy-polymers obtained are subjected to esterification by nitric acid. 

Tie. Mogi eg polymer should have a molecular weight of at least 350 ans up to 
500,000, and sometimes even higher, and the iodine number (Wijs' method) should be 
150-625. The molecular weight is determined by the cryometric metbod in benzene for 
polymers witb a molecular weigt.t of 350-2000 and for tbose with 200C~500,0C0 by 
measuring the osmotic pressure. 

These polymers result from tbe high-boiling fractions after refining or erack- 
ing of petrolew; they are also formed by the action of acids on cracked kerosene 
as well as during the conversion of hydrocarbons in the presence of hydrogen flvoe- 
ride (the be paonteK are the ones that dissolve HF), perticularly in the reaction 
of isoparaffin with propylene, butylenes, amylenes and olefin uixteres boiling above 
260°C. 

Other important olefins are the liquid diene polymers and the copolymers: pol- 
ybutadiene, polyisoprene; copolymers of dienes with other monomers, uch’ ad teaeke 
like substances with styrene, acrylonitrile, metbacrylates, acrylates, etc. 

The liquid olefin polymer should have a molecular weight less than 5,000, and 
it is hae if it is less than 2,000. These are liquids with a Saybolt viscosity of 
190-6, 000 sec at 37.8°C. A polymer of tbis type can be prepared by the polymeriza~— 
tion of 1,3-butadiene using ootitin: 

Hydroxylation is carried out with hydrogen peroxide or a substance capable of 
forming it, with or witbout the presence of a solvent, and with a catalyzer, which 
may be formic acid or etbyl or methyl formate. The best conditions are a tempera- 
ture of 10-95°C and a time of 1-60 hours. 


It is necessary to hydroxylate at least 10% of the double bonds, preferably 
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20%; out it should not exceed 30%.  Fuming HNO, is nixed with acetic anhydride ata 
temperature of —i0 i +10°C. The sgdereg po tgika: is gradually added to the mixture. 
The amount - of wabeaeale mixture is Bick that 2t least 25% of the ~OH: groups are es- 
terified and that up to 100% of the -OH groups can be esterified. 

The suititiers thus obtained can be extruded or cast under pressure into forms; 
they can also be mixed with inorganic oxidizers in amouw.its of 10-50% polymer and 
50-90% oxidizer. . 

Partially nitrated hydroxypolymers with a rclatively low molecular weight can 
be condensed with compounds such as maleic and phthalic anhydrides or diisocyanates 
(nitropolyurethan resins are formed). This condensation can be carried out in the 


presence of an oxidizer [41]. 


6.1.12. Asphalts and pitches 

Products result ing from the processing of petroleum or coal -- various types 
of tars, pitches and asphalts -- are quite frequently used as binders. Formerly, 
these substances were used alone as propellant binding agents, with the mere addi- 
tion of plasticizers (various oils) (GALCIT, the propellant of tae Selecta rocket 
projectile, had the composition NH,C10,, asphalt and oils). However, at the pasiuat 
time they are improved with various polymers. Our attention is primarily drawn to 
the low cost of these substances and, depending on the production method, the number 
of excellent properties such as the good binding capabilities, elasticity. when cold, 
plasticity when hot, which facilitates the formation of the charges. 

Asphalts are obtained by scavenging the distilled Cicatenoas or residues with 
air after the distillation of petroleum. Asphalts with a softening temperature of 
66.5-149°C, preferaLly however 80-107°C; with a penetration greater. than 0.8 mm at 
0°C and less than 4.0 m at 46°C (according to ASTM); and with an ignition tempera- 
ture lower than 288°C, are used. ; 


The drawback with asphalt is the floruing of the propellant surface during com- 


bustion, which can lead to an extinguishing of the flar. This can be remedied by 
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adding thickeners; this will result in the asphalt having a high viscosity after 
melting. 

The pitches are especially useful. In some propellants they constitute 50-90% 
of the binder, preferably 60-80%. There. are several methods of producing the appro- 
priate pitches. Their properties depend to a great shiter on the method of prepara~ 
tion. ; 

Petroleum is cracked at a temperature of 454~538°C under a pressure of 3:5- 
10.5 atm. The product obtained is fractionated and the residue is cracked in anoth- 
er cracking unit at 2 temperature of 482°C. and under a pressure of 3.5-28 atm. This 
is the way the cracking is carried out insofar as it is possible. The residue is 
placed in a vacuum distilling unit and distilled at 315-482°C and 0.01-20 mm Hg, 
preferably at 0.01-8 mm Hg. The undistilled substence is the desired pitch. 

Another method is as follows. After a weak cracking atah the product is sub- 
jected to distillation, the residue is further ¢racked and again distilled in a 
vacuum. In order to’ reduce the amount of coke, an aconatie solvent is added to the 
cracking and it is further treated as above. 

The pitches obtained have a softening temperature of 88-121°C and a penetration 
of 0-5 mm at 46°C [100 g in a period of 5 seconds}. They contain 70-75% asphaltenes 
and 25-30% malthenes. The asphaltenes are insoluble in light hydrocarbons: such as 
n=pentane, cyclopentane, n-hexane, n-heptane, light petroleum, etc.; on the other » 
hand, the malthenes are soluble. Pitches have a high aromatic compound content’ and 
are lacking in naphthenes. Asphalts, on the other hand, not having such good pro- 
perties as pitches, are characterized by a 25-50% asphaltene’ content, a ‘small amount 
of aromatic compounds and the presence of naphthenes. 


A typical pitch has the following properties:~ 


softening temperature 115.6°C 
density at 15.6°C 1.1 glen” 
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penetration (100 g in a period of 5 sec) 25 





solubility in CS, 99.2 

in benzene 97.8 

; in'CCl, 89.3 

; x 

f analysis (0) 87.3 
. a 7.4 
N 0,23 
z s 2.17 
ash 1.28 

water 0.29 

oxygen and others . 1.33 
100.00 


At present, bindera of pitch improved. with the copolymer 90/10 1,3-butadiene 





with 2~-methyl-5-vinyl pyridine (this copolymer is denoted by tne abbreviation 90/10 
Bd/MVP) have the best properties. 

4 A measure of the strength of a propellant with respect to mechanical factors ia 
the cyclic “est, based on sheen heating and cooling.of the charge, by which it 
ia exposed to great tharmal stresa changes. The more such.cyclea tolerated by the 


propellant, the more suitable it ia. In carrying out this‘study, the grain is sub- 
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jected to a temperature of —56.7°C for 24 hours, after which the temperature is’ in- 
stantaneously raised to 76.7°C for another 24 hours. This is one cycle. Ruptures 


appear after several, a dozen. or several score of such cycles, depending. on the pro- 





pellant. 
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The superiority of the binder, pitch + S0/10 Ed/MVP, over pitch alore is indi- 


cated by the following data: 


% 
Propellant of composition NH, NO, 82.95 
KNO, 9.22 
Pitch 4.11 (pitch:Bd/MVP ratio, 70:30) 
90/10 Bd/MVP 1.76 
(NH,) .Cr,0, 1.96 


tolerates 65 cycles while an identical propellant with pitch alone tolerates only 
15 cycles. 

On the other hand, the superiority of pitch over asphalt is indicated in the 
data of a number of propellants (Tables 6.4 and 6.5). 

It is evident from the above that in spite of crystal transformations of ‘the 
ammonium nitrate, the propellant with the binder, pitch + Bd/MVP, tolerates’ as many 
as 65 cycles, i.é., more than 4 times more than in dhe best case involving the use 


of asphalt. It is also worthy of note that the binder amounts to less than 6% cr 


‘ 


TABLE 6.4. THE PROPERTIES OF PROPELLANTS CONTAINING 
ASPHALT AND FORMED BY COMPRESSION MOLDING . 


) : i Composition (%) 
Constituents — 


ee NO. 


453 
KNO, 
Asphalt with a softening point of 76.7°C 
Asphslt with a softening point of 132.2°C ° 


90/10 Bd/MVP (containing 20 parts by 
weight of carbon black and 3 parts by 
weight of stabilizer per 100 parts by 
weight of copolymer) 


(NH, ) °F 207 3 














TABLE 6.5. HE PROPERTIES’ OF PROPELLANTS CONTAINING ASPHALT 
OR PITCH FORMED BY THE METHOD INVOLVING SOLVENTS 








Composition (%) 
Coristituents : 3 





fps oy 








oe 
Pitch with softening point of 115:6°C 


‘Asphalt with softening point of 132.2°C 
90/10 Bd/MVP 
(NH,) 9€r 70, 


Number of cycles Bae Sali , 


of propellant. 





























The follcwing can be used in a mixture with pitch instead of Bd/MVP: polybuta- 


diene, polyisobutylene, iscprene, the copolymer icobutylene + isoprene; copolymers 





of dienes with styrene, etc. 





Asphalt is used in a mixture with the copolymer styrene + acrylonitrile (15- 





40 mole % of acrylonitrile) in ratios of 70:30 to 10:90, or from 10 to 70%, prefer- 






ably from 33 to 66% (44, 49, 52, 58, 65, 71, 82). 







6.1.13. Other substances 


As already mentioned, there are propelianta -- either solutions, such as 









Na N03 


which the oxidizer and the combustible component cannot be distinguished: | 


in nethylamine, or mixtures, such as hexogen with nitroguanidine -- in 


Anines 
It was learned that methylamine and other amines form solutions with ammonium 


nitrate. Thus, there are a number of: compounds with the formula 





in H CNH, Solutions with 2-6% methylamine content are solid and, with various 








where: R = alkyl, hydroxyalkyl or —C,H,NAL 


R's hydrogen, alkyl gr —C,H,NH, 


The physical properties of FH,NO, solutions in CH,NH, are given in Table 6.6. 


cy 


TABLE 6.6. SOME PHYSICAL PROPERTIES OF NH,NO, SOLUTIONS .IN CH,NH, 


; ; Nm, iat = 
Physical properties Units : 


re - coefficient of light refraction ioe 


Density at temperature 15°C . g/ml 
tt On " 25°C 








1.4462 


1.2397 


Viscosity at temperature 10°C 


W " " 15°C 
Ww wv ¥ 20°C 
" w " 25°C 
w " w 30°C 
Vapor pressure at 40°C 
w w Ww 30°C 
"W ww w 20°C 
ii Ww te 10°C 
" a . o°c 176(+0.9°): 333 


" tt " —30°C 


a 19 


Let us tur our sttention to the universality of the use of NH,NO, solutions 
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additives such as aluminum dust, carbon sire etc., they can ‘perform as eolid pro- 
-pellants. for projectiles’ and rockets. Mixtures with 6-15% methylamine have the con~ 
sistency of mud or ‘sludge and ‘can be ‘employed as single-constituent liquid fuele.. 
With contents of: 15 to“40%,; they are’ liquids ‘used for ‘two-component propellant en- 
gines. Solid and sludgy wixtures: are coupltaure With ballistite with respect to 
both the specific! impulse andthe density. and escape velocity. 

‘ With a lower methylamine content, the wapivnrve properties come to the fore. 
5-10%. solutions are: most sensitive to impact. Liquid solutions have the same ‘order 
of sensitivity to daoebt as pure NH,NO,. 6~15% mixtures have a specific impulse 
higher than 200 seconds and a specific density. impulse v 300 seconds. 

The density of granulated NH,NO, used for explosives is equal to 0.90 gions 
Tae density rises to 1.5 through the addition of 7.0-8.0% methylamine. This density 
tise increases the sensitivity. of the charge to impact. 

A very positive feature of solutions of the above type is the high stability 
with respect to chemical properties, without the use of stabilizers. Nevertheless, 
the physical stability is not great due to the high edou pressure of methylamine 
over these solutions, which arises from the properties of the dethy laine itself. 


Its boiling point is —6.5°C;.consequently the charge must be protected against a 





methylamine loss [83,84]. 


Hexogen with nitroguanidine 
Hexogen is cyclotrimethylene trinitroamine. 
xO, 
. YN 
CH, CH, 
oy ox N NO, 
‘Gil 


al a 
° 


It is an explosive material with a rather high sensitivity to impact (2-kg 


from 30-32 em). It is a white, crystalline substance which exothermically 
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decomposes (21.3 kcsl/mole). 





1 
| 
By itself, compression-molded hexogen does not have great mechanical strength. ; 
5 
On the other hand, it has been observed that it acquires 8 high strergth and is i 
suitable for use in the preparation of rocket charges when it .is compression molded : 1 
with nitroguanidine. The nitroguanidine additive is. especially. ef fective in -reduc- 
ing the impact sensitivity and lowering. the temperature of. combustion: 
Nitroguanidine is.also an explosive but it.has a much; lower sensitivity to im- 
pact. When 10 kg is dropped on it froma height. of 100 cm, it does not ‘explode. ‘ : si 


iad 
Two tautomeric forms are known. 


‘2 
.N-NO, 
H, 


NH—NO, 
C= NH and 


2-0-4 
TOT R 


NH, 


In order to obtain a solid: propellant, nitroguanidine with well formed crystals, 
20-100 y long and 1.5-5 y thick, ie compression molded in amounts of 25-50% with 
hexogen {85]. 


Dimethyl sulphoxide 


The applicstion of dimethyl sulphoxide (CH) $0 is based on its ability to 
form, with sodium perchlorate (and with or without water), adducts with a low melt- 
ing point, which makes cssting the grain much easier. 


These are the adducts: NaCl0, +2(CH4) 80, mp 101-102°C and NaC10, * (CH) )S0° 
H,0, mp 69°C [86]. 


6.2. Inorganic Combustible Components 


These constituents, such as finely ground metals or metal. hydrides, are :added 


to propellants for the purpose of increasing the amount of energy. per unit of weight 


, 


4 
snd volume, which in turn incresses the specific impulse. ~ 
} The usefulness of the individual elements or some compounds 8s high energy ad- 


ditives is best indicated by the calorific e‘fects (Table 6.7: and Figure 6.1) [48]. 
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It follows from the table that beryllium and decaborane are the best of ‘the. 
solid eubstances,. However, beryllium is one of the rare elements and its reserves. 
are very limited. Moreover, ite compounds are very toxic and therefore are not 


used, 


TABLE 6.7. THE CALORIFIC EFFECTS OF HIGH- 
ENERGY ELEMENTS AND CHEMICAL CUMPOUNDS 


& ( (Gross) calorific value 
Subatancée Formula Tee — Sat ar 
keal/kg keal/1 


Decane : 10,573. | 7,700 


JP-4 (hydrocarbon 
propellant) 10,390. 8,000 


Trimethyl aluminum A1(CH,) , 10,550 7,710 
Trdethy1 aluminum AL(CjH,) 4. 10,114 8,450 
Boron — 5 13,670 31,400 
Beryllium 15,000 27,800 
Diborate (gas) ? p 17,800 7,712 


Pentaborate (liquid) 15,340 9,630 
Decaborate' (aolia) : : ; 15,310 14,100 
Trimethylborine C 11,500 7,400 
Aluminum hydroboride 13,750 7,670 
' Lithium hydroboride 14, 300 9,500 


Liquid hydrogen 28,900 2,110 
Lithium 10,300 5,450 
Aluminum : 7,290 19,700 
Magnesium i 6,000 8,550 
Silicon 7,160 14,350 





Of courae, decaborane is used, but aa in the case of’ boron the combustion pro- 





duct is B03, which has a low melting point. It coats and corrodes the nozzle, thus 
causing considerable difficulty. The properties of the oxides of ccme metals are 
given in Table 6.8 [48]: 


The most frequently used elements are: aluminum (Al), magnesium (Mg), boron 
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Atomic number 


Figure 6.1. The calorific effect of chemical ele- 

ments as a function of .the atomic number 
(B), titanium (Ti). They are relatively nonreactive. Other high-energy elements 
such as lithium, sodium, calcium, potassium, can be used only in exceptional cases 
because of their high sensitivity to iter. The same is the case for most hy- 
drides. 

The-pulverized metals are added to propellants in amounts of 2-252, . preferably 
5-10%. It was learned that the addition of up to 20%. aluminum.increases the. speci- 
fic impulse by v 7% and also has an advantageous effect on the nai Faeetcy of com- 
bustion. Theoretical calculations indicate that the velocity of rockets or uigaiies 


can be increased 10-20% by the addition of aluminum. Propellants which usually fur - 


nish a specific impulse smaller than 250 sec can attain 260-270 seconds with boron 


i 
t 


or decaborane, 
tbe" 


In order to assure their rapid and complete combuetion, che comminution of the 
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Heat of E 
vaporization 
{kcal/mole} 


Heat of fuaion 
(kcal/mole) 


3250 (1 ata) 
3845 (20 ata) - 
2520 

4200. 

2600 


3350 


metals must be precise and thorough. This is particulecly true in the case of bo~ 
a because, during combustion, the metal particles become coated with a. thin film 
of difficultly volatile liquid Boo, which could result in incomplete combustion 
for the larger particles. The size of tbe metal particles should be of the order 
of 10-50 u, preferably 20 u, and it has also’ been‘shown that the particle shape is 
of prime importance. The metal dusts most frequently encountered have flat and long 
particles; this is not-advantageour because they’can form’ long conterminous’ chains 
which rapidly conduct heat from the combustion surface to the: interior’ of the 
charge. This phenomenon is‘capable of ‘causing cracks’in the ‘charge, with a result- 
ing nonuniformity of combustion, and even rupture of the grain. “The most ‘suitable 
particles are those that are spherical or nearly so. In this case they ‘make contact 
with each other at only one point;*and this makes heat conduction difficult. How- 
ever, the problem of obtaining a apherical configuration of ‘the metal ‘particles is 
a very difficult one. It haa not yet been solved on‘a: Lager indet¥idl ccale be- 
cause most of the present size~reduction nethods are based on grinding, which tends 
to produce flat particles. 


Metallic elements have yet another important p:'.,erty in addition to those 
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mentioned above. Their burning temperature is much bigher than that ‘Bt carbon and 
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hydrogen, particularly in the:case of elements #ith higher atomic numbers (Figure ~ 
6.2) [48]. 
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Adiabatic combustion temperature 











Atomic number 


Figure 6.2. Temperature of the adiabatic combustion of chemical 
elements as a function of the atomic number 

Due to the high combustion temperatures of these elements, such as’ Mg, Al and 
Ti, they have enjoyed wide application for so-called auxiliary charges, which are 
for the purpose of generating gases of high temperature and pr@ssure'so that the 
main. charge is ignited and continues to burn uniformly ebpdinib if.the proper 
burning rate is not maintained under normal pressure). 

In acdition to the metals mentioned, -hydrides are also frequently employed, , 
particularly if they are also polymerization.catalyzers, e.g., Metin; AlH,, A1(BH,) 4, 
NaH, etc. (40, 47, 50, 56, 59, 66, 71, 75, 79, 86]. 

6.3. Plasticizers 


Plasticizcrs are one of the most. important propellant constituents: Because 
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liquid plasticizers-are used for tbe most part, they facilitate mixing of the com- 































ponents by increasing the fluidity of the mixture. The most.importany characteris- 
tic, however, is their ability to improve the properties of the finished: griiin ‘by 
increasing its elasticity or plasticity. Quite frequently, plasticizers improve 
the cxygen balance of the propellant if they contain oxygen atons ta ‘the molecule, 


particularly in the forr of nitro,:-nitrite ur nitrate groups.’ Some‘of tbem even 


have.a positive oxygen balance; thus, those that have a ‘certain amount of active ox- 


ygen are oxidizers (e.g., nitroglycerin). 

It is true that plasticizers are matched to the binder, but quite frequently 
the ee plasticizer may be untae for different binders. They constitute the follow- 
ing group of compounds: organic nitrates and aliphatic nitrocompounds ; aromatic 
nitrocompounds, aromatic nitroethers, esters of polycarboxylic acids, esters of vol- 
ybydroxy alcobols and phenols, phosphoric and silicic acid esters, alcobols, .gly- 
cols, polyglycols, glycol and polyglycol ethers, liquid polymers, oils, arvl~albyl 
compounds, aromatic ketones, petroleum brxaeieas, etc. : 

Organic nitrates are quite frequently ‘used, particularly in colloidal fuels, 
as plasticizers of uitrocellulose; tbey are used also for other binders, but. always 


in a mixture with nin-self-oxidizing plasticizers. The organic nitrates, used are, 


_primarily: glycerin trinitrate, ethylene, glycol dinitrate, diethylene glycol dini- 


trate, butanetriol trinitrate; n-propyl, i-propyl, n-butyl, “2-methoxy ethyl, 2-eth- 

oxy methyl, nitro-n-prspyl and nitro-n-butyl nitrates, etc. 43 i 
The trinitrates and the dinitrates both have strong explosive properties. As 

a plasticizer of nitrocellulose, glycol dinitrate is a better! solvent. than nitro- 

glycerin; consequently, it is capable of providing gels with a higher nitrocellu- 

lose content. However, glycol dinitrate has a higb vapor, pressure at room tempera- 

ture and thus has been replaced by diethylene glycol dinitrate, which is less vola- 

tile, but nevertheless more so than nitroglycerin [6, 33, 37, 38, 51, 52,..76, 78]. 
Aromatic nitrocompounds. These primarily include the singls-ring ise deri- 


vatives and nitro ethers. The most important nitro derivatives are the salts of 
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picric and styphnic acids (2 G6-criai croresoresayyy! these ‘are ‘followed “by ‘the bene 
‘zene and toluene derivatives such as: nitrotoluene, nitrobenzene, 2,4-dinitrotolu- 
ene; o-dinitrobenzene, etc;; and the derivativea of diphenyl, auch’as pase ee 
phenyi. ati 

The nitrophenol ethers are‘of very great interest. They should contain an 
average ‘of one to 3-nitro etsups per benzene ring, preferably fot more than 2 nitro 
groups ‘ec ring-and not ‘less than 2:5 groups to 2 rings. 

These include 2,4-dinitrodiphenyl ether, di (dinitropheny1)triglycol ether (re- 
sulting from the reaction of triéthylene ‘glycol with ‘dinitrochlorobenzene) , dif2,4- 
dinitrophenyl)propyl ether, dinitrophenylallyl ether, 2,4-dinitro anisole, 2,4-di- 
nitro phenoxy ethanol, di(dinitro phenoxy) “ethane, etc. {1, 36, 43, 49, 52, 65, 80, 
81]. 


Polycarboxylic acid eatera are the most frequently encountered plasticizers: 





phthalic, sebacic; adipic, citric, succinic, etc. acid derivatives, and in particu- 
lar, the phthalatea: dimethyl, diethyl, di(ethoxyethyl), ethyl-ethyl glycol, 
methyl-ethyl glycol, dibutyl,’ dioctyl, di(methoxyethy1), butyl-benzyl and others 
containing from 1 to 8 atoms of carbon in the alkyl; dibutyl, dioctyl, glycerin, 
etc. sebacates; dioctyl, di(3,5,5-trimet hy lhexyl), dibutyl adipates; trimethyl and 
triethyl citrates; trimethyl and triethyl acetylcitrates;’ and dibutyl succinate [37, 
38, 39, 51, 53, 64, 67, 77, 80, 81}. 

Polyhydroxy alcohol esters. The most important ones here are glycol and poly- 
glycol esters, although the esters of other alcohols are also encountered, ‘as for 
example, nitromethylpropandiol diacetate or creayl-glyceryl diacetate, or the so- 
called acetynes, i.e., glycerin mono-, di- and triacetate. 

The following glycol esters are used most frequently: diethylene glycol di- 
propicnate, butylene glycol diacetate; triethylene glycol -- di(2-ethylbutyrate) , 
di(2-ethylhexoate), dihexoate (Flexol 3 GH); polyethylene glycol -=- di (2-ethylhexo- 
ate), dihexoate, di(2~ethylbutyrate), etc., and the glycol and polyglycol esters of 


the higher fatty acids [37, 38, 49, 67, 51]. 
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‘The glycol polyesters wand .the <polycarboxylic ‘acids ‘ate plasticizers “that are 





‘ospecially used for polyester binders, ‘but frequently “also for ‘many -other substanc- 
es. Their greatest advantage lies in-the fact ‘that because they are ‘compounds with 
a high molecilar weight, they remain liqiids with viscosities which ‘can be ‘adapted 


within broad limits, depending on the initial “substrates, ‘the degree of over-reac— 





tion and even the molecule size. 

The alcohols are selected ‘Spa tbe groups: ethylene glycol; propylene: glycol, 
polyethylene glycol, polypropyiene glycol and glycol mixtures, in which the molecu- 
lar weight should be less than 200. 0 ° 

The polycarboxylic acids used are diglycolic acid (HOC—CH,-0-CH,—-COm), 

o ce) 


Ji peipee sh 
oxy-aceto-propionic acid §(HOC—-——CH:—O-CH,CH,COH) 
, fo eas ‘Oo 


and oxy-dipropionic acid (HOC—CH,CH;—O—CH,CH; C OH). 


1.08-1.3 moles of glycol to 1. mole of .oxy-dicarboxylic “acid are ‘used“in ‘the ‘re~ 
action. An excess of alcohol is necessary in order to “increase ‘the degree of over- 
reaction. The esterification product ‘should have a molecular weight ‘between “250 and 
1,000, preferably between 350 and 600. 

The most frequently used. ethysene glycol: diglycolate has a specific’ gravity ‘of 
1.355 refractioa,.1.475; M = 300-400 {1, 49]. 

The wost highly recommended aliphatic glycol ether is the plasticizer zP-211, 
the fraction TP-90B of which is di(butoxy-ethoxy~ethoxy) methane with the structural 


formula 
HyC;—O—C;H,-O—C, H, —0-—CHy —-O—C HH, —0-~-C 11; -O—CyHy 
This compound goes under various names such as: di(butoxy-ethoxy-ethyl) 
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formal; di(1,4,7-trioxy-undecyl): methane. di(3,6=dicxydetyl) formal!’ It is a very ~ 


important plasticizer for many -binders [60,87]: 


syl, triphenyl, ethyl-dipheny1, tributyl, ‘and-octyl-diphenyl phosphates. “The plas- 
ticizer Cellosolve with formula -OP{OCH,CH,~O~C,H,), is “also a representative of this 
group’ (38, 50, 77, 87]. 
Sulfonamides. Plasticizers of thie type are‘ suitable for only a few binders. i‘ 
Thus, for example, the plasticizers, ‘N-ethyl-o-toluene sulfonamide “or N~ethyl-p- ; 
toluene solfonamide, can be used with the cellulose ‘esters ‘or the polylactams [28, 
75). | 
The group of hydrocarbons, oils, petroleum derivatives and others includes: 
the plasticizers, Pentaryl A — monoamyl-diphenyl; Paraflux.--a-mixture of satu- 
rated hydrocarbon polymers; Circosol-2XH -~ petroleum hydrocarbons with a sp. gr. “| 
of 0.94 and: Saybolt .viscosity of about 2,000 seconds at 37.8°C; and castor oi] (most 
frequently, a softener of asphalts) and benzophenone [3,-40, 58, 61,°63, 64, 71]. 
The alcohol group contains nonvolatile liquid aliphatic alcohols.of the’ glycol | 
type, such as ethylene, di-, tri-‘and polyethylene glycols, polypropylene glycols, 
etc.; aromatic-aliphatic alcohols as, for example, benzyl alcohol (a good plastici- 
zer of polyester-styrene resins) [39, 59, 67, 69]. 
Plasticizers are added to binders in quite different amounts, depending on the 
softener, the binder and propellant constituents as well as on the desired propel~ 
lant properties. Nevertheless, the plasticizers should be more than’ 25% by volume, 


preferably 50%, but not more.than 82% of tie combustible component. 








7. OTHER SOLID PROPELLANT. CONSTITUENTS 
In addition to the oxidizer, the combustible component and the inorganic com- : 
bustible substance, other constituents are present in propellants in much. daaller 
quantities bit are by no means less important. ‘Some of these, such as vulcanizers 
or polymerization catalyzers, do not require a great deal of discussion because they 


are substances that are already universally known in the field of polymer or natural 


rubber ‘chemistry. Other additives are specific for solid propellants, however, and 


will -be: discussed more thoroughly. 


7.1. Stabilizers 

Stabilizers are substances that counteract ageing of the propellant and thus 
extend the time of usefulness, reckoned from the time of manufacture of thc grain. 
Stabilizers are different types of compounds which act in different manners, matched 
to the mechanism cf ageing of the given propellant. After all, there are a great 
many factors that affect the ageing; frequently, several of them at the same time. 

Ageing is defined ~ uae in the physical and chemical propertiea caused by 
depolymerization effects, breaking of the binder chains, binder crystallization, 
phase changes, oxidizer activity, etc., whereby the following phenomena are mani- 
fested: an increase in the fraction dissolved in the corresponding solvents (the 
fraction being extracted from the binder), and a decrease in the number of trans- 
verse bonds (measured by the swelling method). Chain decay is caused by oxidation, 
reduction, hydrolysis, etc. 

A certain amount of volatile compounds results from the decomposition reaction; 
this leads. to an increased porosity. The rate of crystallization is greatest, just 
below the melting point; thus, it is necessary to avoid keeping the arephisiee at 
these temperatures for a prolonged period of time. The oxidizer causes ageing by 
reacting with the combustible component at the interface and by reaction of the oxi- 


dizer fraction dissolved in the combustible component. Moreover, it has been shown 








that hardening-or polymerization catalyzers can have an influence on binder decon- 
position (e.g., organic peroxides decompose rubber). 

In order to:counteract ageing, .thermally: and chemically stable binders should 
be chosen, weak bonds should be avoided, groups with a high: resonance.energy.:are to 
be desired, readily crystallizing substances must be avoided, polymerization or 
hardening catalyzers should be used in small amounts or. not at all, inert.:(neutral) 
oxidizers must be used and, finally, stabilizers must be used. 

Stabilizers act in different ways, some chemically and others physically. ) The 
chemical method is based’on the binding of the propellant decomposition products, 
which wdand be autocatalyzers of further decomposition. Another group of ‘stabili- 
zers includes sie Tags Oeees which Arrant binder Sxiaatton by reacting with the 
oxidizing agents (these undergo oxidation themselves). 

Stabilizers with a physical action are primariiy surface-active substances and 
will for the most part be discussed with that group of compounds from the viewpoint 
of their other properties, which are more important than their stabilizing activity. 
It is necessary only to inhi: the mechanism of their action. Upon being: adsorbed 
on the oxidizer-combustible component interface, surface-active substances form a 
layer which separates these 2 substances, thus making an oxidation reaction impos- 
sible. 


4 measure of the stability of rocket propellants is the gassing test. The 


quantity (by volume) of gaseous products liberated from 1 g of propellant at 135°C 


when heated for one, 2 and 3 hours is determined [80}. If v 2 cm? ot gases per 
gram of substance are evolved after the first hour, the propellant should be stable 
for 30 days at 77°C. Stabilizers called gassing inhibitors are added to reduce gas- 
sing [49,80]. 

Stabilizer research began with the discovery of nitrocellulose powders. The 
reason for this was the problem which arose concerning the binding of acid decompo- 
sition products, which had a catalytic action on further decompositiow, frequently 


leading to self-ignition or explosion. Both inorganic and organic substances were 
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used in this case and some.of them-are:still being used. 


7.1.1. Inorganic stabilizers 

Inorganic stabilizers are primarily carbonic cia salts. This ‘is undérstand- 
able because propellant decomposition iosdiices have an acié nature. ad wneateeneas 
Co,.is liberated, salts are formed which do not corrode the grain. ‘Thus, the fol 
lowing are used: sodium, calcium, magnesium and ammonium carbonates, as well sas so- 
dium acid carbonate. It is rarely possible to employ sodium carbonate (Na,C0,) 
without undesirable results because its high alkalinity can cause binder "decomposi-~ 
tion; it is not suitable for nitrocellulose powders. Sodium acid carbonate ‘does 
not have such an alkaline reaction, which makes ic beter than dibasic sodium car- 
bonate. Being difficultly soluble, calcium and magnesium carbonates do not ‘exhibit 
an alkaline reaction and can be successfully used even for readily ‘soluble binders; 
however, they have a stabilizing action only in larger amounts. Such:increases in 
sdtegadite substance contents have an adverse effect in that they reduce the specific 
impulse. Moreover, ‘all ‘carbonates ‘have one drawback in that they evolve gaseous 
CO, when reacting with the acid decémposiitidn grédacte of the propellant and this in 
turn. increases the porosity of the ‘grain [33; 64, 76]. 

Magnesium oxide (MgO) is an inorganic stabilizer which eliminates the above in- 
convenience. It is a propellant constituent which is very often used because it is 
also capable of increasing the burning rate and counteracting the production of 
smoke. It is present in propellants in amounts of 0.2-0.5% and it is added in 0-5 


parts by weight to 100 parts by weight of resin [36, 59, 61, 63]. 


7.1.2. Organic stabilizers 
These stabilizers are universally used and basically they form 2 groups of com- 
pounds: inorganic salts of weak organic acids and amines or amides. 
The salts of weak organic acids have an action similar to that of the inorganic 
carbonates in that the organic acid evolved is a liquid or a solid. ‘nus, et a 


propellant containing polyvinyl chloride evolves a certain amount of hydrogen 
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chloride (HU1), which has a corrosive action on the ‘grain, ‘when it “hardens at an 

elevated temperature. The addition of 0:5-1% of barium castorate completely ‘pre: 

vents corrosion [37]. : 
Compounds of the amice-urea ‘derivative type are familiar stabilizers ‘and they 


aré good, particularly Centralite 1 (sym-diphenyl-diethyl urea) and Centralit 





(sym-diphenyl-dimethyl urea) and the mixed Centralite (N-ethyl-pheny1-N'=methyl- 


phenyl urea) as well as Acardite (asym-diphenyl urea). 





CH, CH, cH, C,H, 
NC : NC 4 NC 
| C,H, | “C,H, OM, Cu, 
i] 3 one s 7 
@=C O=C OC o=-C€ 
| ' 
| (C,H | C,H, | C,H, H 
NC + NC N XN 
C,H, CH, GH, ii 
Centralite I Centralite II Mixed Centralite Acardite 


They are used for colloidal fuels. They exert a stabilizing effect by :forming 
compounds with the nitrogen oxides arising in the propellant during the ageing pro- 
cess. Namely, the aromatic rings undergo nitration; also the bonds between the ni- 
trogen atom and the —CO~- group often break and nitrosoamines are formed. The 'Cen- 
tralites and Acardite are most frequently employed in amounte-of 1% ‘in relation ‘to 
the entire propellant (6, 76, 77, 78]. 

Quite frequently, the stabilizer atiroxidizer is Flexamine. This is a mixture 


of 65% diarylamine complex with ketone and 35% N,N'-diphenyl-p~phenylene diamine 


v a ‘ae was. 
| ad 

This mixture is used in amounts of 3~5% in relation to the resin; in relation 
to the entire combustible component, % 24; and in rejation to the propeiiant, » 0.3%, 


whereby yet another stabilizer is frequently added (e.g., phenyl-8-naphthylamine). 


The stabilizers-gassing inhibitors are aromatic or alkyl~aromatic amines’ with 
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the formula RZ(NR'R'') 5 where. z = an aromatic phenyl. or naphthyl. ring: R =] 





alkyls with 1-12 Cc: R' and R'' =H or alkyls ‘with 1-4 C; and R153, 


In particular, they are: 


aniline ES diphenyl amine ; 
dinaphthylamine (a or 8) phenyl -naphthylamine (a or 6)’ i 
1-naphthylamine : toluidine : 
- xylidine p-dodecyl ‘aniline. 
N-methyl aniline N,N-dimethyl aniline 
x N~-sec-butyl aniline dodecyl diamino naphthalene 
diaminobenzene N-sec~butyl diahine bereeie 
diaminonaphthalene N-methyl dieminonaphthalene 
methyl dianinonaphthalene triaminobenzene 
triaminonaphthalene triaminotoluene 


triaminomethyl r.aphthalene 


These amines are used in quantities of less than 10% of the binder; in relation 
to the entire propellant, between 0.5%. and 4%. 
The effectiveness of action of some amines as inhibitors of gassing for a pro- 


pellant with the composition 








% 
ammonium nitrate (NH,NO,) 73.00 
insoluble Prussian blue 3.00 
Norit A (a type of carbon black) 0.80 
carbon black 0.20 
cellulose acetate ; 4.76 
: ethylene glycol diglycolate 7.97 
2,4-dinitro diphenyl ether 7.97 
> acetonylacetone dioxime 2.30 


is given in Table 7.1 with a 2% amine content instead of dioxime. 
It is evident from the above that N-alkyl derivatives of aniline, 2,4-diamino- 
toluene and N,N-dimetay1-p-toluidine have the Sect stabilizing properties. It was 


also learned that carbon black and Prussian blue cause an increase in gassing. 
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Standard 
Diphenylamine 


Diphenylamine with ‘a pro- 
pellant without carbon 
black 


Phenyl-8-naphthylamine 
N,N-methyl-ethylaniline 
Aniline 

N-methyl aniline 
N,N-dimethyl aniline 


2, 4-diaminotoluene 


N,N-dimethyl-p-toluidine | 


p-phenylene diamine 


o~phenylene diamine . 





p-dodecyl aniline 


Diphenyl amine is a stabilizer that has been widely used formerly and is still 
widely used today. However, it does not furnish satisfactory results: in the pre- 


sence of carbon black and oximes. On the other hand, a propellant of composition: 


a 
| 
NH,NO, a I 
cellulose acetate 8.05 
ethylene glycol diglycolate 5.75 id 
2,4-dinitro-diphenyl ether 9.2 


Prussian blue 3.0 


thus without carbon black and oxime, exhibits a gassing of 2°em?/p after the first 


hour; after the addition of 2% diphenylamine, the gassing amounts to only 0.5 eats 





/hour, which is extirely satisfactorv. 









Xt he ae 
‘The influence of Prussian blue is even more strongly ‘marked. A prope ant in. 


2 Aa 


which 2/3 of the Prussian blue was replaced by another, combustion catalyzer, namel ‘ 





ammonium dichromate (NH,),Cr,0., was studied. ‘The composition of th: propellant.was 


then as follows: 


4 
NH,NO, 73.00 
insoluble Prussian blue 1.00 
(NH,) ,Cr207 2.00 
Norit A (a type ef carbon black) 0.80 
carbon black 0.20. 
cellulose acetate 4.76 
ethylene glycol diglycolate ‘7.97 
2,4-dinitro-diphenyl ‘ether 7.97 
acetanylacetone dioxime 2.30 


This propellant does not produce gas during the first hour. During the second 
hour, 1 envis of gas evolves and after 3 hours, the evolution ie:3.7. ea? /g/hours 

Following addition of 2% diphenylamine, the mixture eee ie produce gas until 
after 6.5 hours and scarcely 1.9 ae of gas is‘evolved after ‘7 3/4 hours. 

In selecting appropriate amines, close attention must also be given to their 
alkalinity. Thus, e.g., aniline cannot be used as a stabilizer of colloidal fuels 
because of its relatively high basicity [49,80]. 

N-phenyl morpholine 

CHL, == CH, 
ae 


Nox, cH,7 


in a ratio of 5:1 can be added to the sromatic amines to improve stabilization [113]. 


7.1.3. The stabilizing action of surface-active agents 
As already mentioned, surface-active agents ‘extend the useful life of propel~ 


lants. For example, 


237 











Propellant 1. 
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cellulose acetate’ ‘ 6.75 5 
2,4-dinitro-diphenyi ether 7.88 
ethylene glycol diglycolate 5.85 
diphenylamine 2.02 
Arlacel C (a surface-active 

compound -~ one of the 

sorbitan oleates) 0.10 
be! ak 368 
carbon black , 0.5 
insoluble Prussian blue 1.0 
(HE, ) C0, 2.9 


does not produce gas for 2 hours and is ntable for 80 days.at a temperature of 77°C. 


Propellant 2. A similar propellant without ‘a surface-actiye agent and having 


the following composition: 





z 

cellulose acetate 6.9 
2,4-dinitro-diphenyl ether 8.05 
ethylene glycol diglycolate 5.98 1 
.diphenylamine 2.07 | 
Prussian blue 1.00 

cd i 
(NH, ) 9Cr 405° 2.00 
carbon black 0.50 
NH,NO, 73.50 


does not produce gas for 1.5 hours and is stable for only 7 days at 77°C. 


Propellant ae 


us 


cellulose acetate 
2,4-dinitro-diphenyl ether 
ethylene glycol diglycolate 
diphenylamine 

insoluble Prussian blue 
(NH,) .Cr,0, 
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carbon black 


Span 85 (a surface-active 
‘compound of the sorbitan 
oleate group (Sorbitan 

trioleate)) 


NH, NO, 


is stable for 30 days at 77°C. 

Propellant 4 with a composition like’ that of propellant 2 with the eddition of 
0.1% Nonisol-250 or 0.1% Pluronic L-62 (an ethylene polycxide monoester ian pte 
lene oxide copolymer with propylene oxide, respectively) is stable for 30 days at 
77°C. 

It is evident from the above that the addition of 0.1% of a surface-active 


agent is capable of extending the “life ef the propellant by 4-or more times [43]. 


7.2. Subatances that Influence the Burning Rate r 


These are combustion “catalyzers", moderators, combustion modifiera and the 


substances that influence the burning rate indirectly. 


‘7.2.1. Combustion “catalyzers" 

As already discussed in detail, the mechanisms of action of combustion “cata- 
lyzers" are aiite divergent and frequently composite. It is not yet always posaible 
te determine the mechanism of action of a specific "catalyzer", nor is it ‘always 
possible to determine the predominant mechanism of action. | Raaelceeree the tern, 
See. “Batatscer, is not a very precise definition and it is retained only be- 
cause of its universal usage. 

Strictly speaking, the term, combustion "catalyzer", should be applied‘ only to 
those fatyeat which are added to the propellant fcr the sole purpose of. increas- 
ing the burning rate. The limitation imposed by the word "sole" signifies that many 
substances added to propellants for another purpose have a secondary action similar 


to or the same as the combustion “catalyzers" but belong to other constituent groups 


239 






























because of their principal applications. 


Substauces that increase the burning rate can be organic or inorganic compounds” 
as well as elements. Organic compounds exert an action here by absorbing high- 


energy radiation, by decomposing exothermically. and producing chemiluminescent (Cf 


eS ee ee 


molecules, etc. If these are organic salts of metals, chemilumine<ence of the 


metals can also be expected (if, of course, the metal. possesses a high-energy exci- 


tation state). 
Inorganic compounds have a similar mechanism cf action. On-the otber hand, 
metallic elements exert their influence either through chemiluminescence or -by an 


exothermic reaction with the oxidizer. 


Chromates | 
Chromates, dichromates, trichromates at tetrachromates are widely used as com- 
bustion "catalyzers". Chromium itself does not exhibit chemiluminescence and. is not 
effective; thus, it is not used. On the other ney the chromates and polyciuromates 
undergo exothermic decomposition, and they possess the well known property of ab- | 
sorbing high-energy radiation. To this can be added the chemiluminescence of ex- 
cited potassium or lead atoms if K,Cr,0, or PbCrO, are used. | 
Ammonium dichromate has proved to be the best of this group. l1t has the high- 


est heat of decomposition due to intramolecular oxidation of the NH, groups 


(NH4)2Cr,07 -» Nz + 4H,0 + Cr,0; 


It is added to the propellant after mixing with the oxidizer. The age seg * 
should be of the order of 0.02-40 » particle size, most preferably ~ 15 us. The 
amounts used range from 3 to 10% of the propellant. “owever, it is better to hold 
to the lower limit. Ammonium dichromate can Bieo be used in mixtures with other © 
“catalyzers", but then it is used in smaller quantities. 

1n addition to the above, ammonium chromate, (NH,) ,Cr0, ; sodium chromate, 


Na Cr0, 5 potassium chromate, K,Cr0, 5 and sodium dichromate, Na,Cr 0, are usec. 


2 
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61, 62, 63, 65, 67, 80, 81]. 





lene diamine or dimethyl piperazine ‘chromates, have proved ‘to be ‘effective. The 





- ganic chromates are used in amounts up to 4% of the. propellant {36, 39, 43, Mb, 49, 


Among the polychromates, ammonium trtehronaté (NB,,) 9Cr305 0 and -ammonium ‘tothe: 
chromate (NH,)5Cr,0,, in amounts up to 1% of the propellant act to increase the 
burning rate by.about 45%, to reduce the temperature coefficient of the burning rate 
at constant. pressure u by about 15-40% and to reduce the temperature coefficient cf. 


pressure * by about 30-40%. 


This effect on a propellant: of composition: 


% 
NH,C10, 75.00 
polyester 12.35 
ethylene ‘glycol 47.00% 
adipic acid 49.45% 
maleic anhydride 3.55% 
styrene 12.35 
cumene hydrogen peroxide 0.25 
lecithin 0.05 
100.00 


(hardened at 104°C) at a temperature of 15.6°C and at a pressure of 70.3 kg/em is 
given in Table 7.2. 

Tri- ind tetrachromates are used in amounts of 0.10-4.0% of the propellant. 
Their decomposition temperature is higher than 238°C [5,80]. 

As in the case of the chromates, ammonium molybdate (NH, ) MoO, exerts its ac- 
tion through exothermic decomposition; however, it is rarely used [60]. Among the 
other chromium compounds, we have Cr(NO,) 4, which is also rsrely used;. on the other 


hand, chromium oxide, (£903, merits -grester, discussion. 
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TABLE 7.2. THE INFLUENCE OF (NH,),Cr0,9 ON THE. 


We 


BURNING RATE AND ON THE COEFFICIENTS u, 7, AND n 






Tw 














Burning 
rater 
{cm/sec} _ 


Standard 1 

Stendard +1% 
(NH) 9° 3919 

“Standarr Il 


+0.10% (NH, ) 9€r 3049 


+0.25% (NH,),Cr0, 9 


+0.50% (NH) 4Cr,01 4 
;  +1.00% (NH, ) Cr 40,9 





Metal oxides 


Chromium oxide, cr,0,, is a stable compound and reacts only by absorbing radi- 
ation. This effect can be significantly increased by various additives. Therefore, 
Cr,0, most frequently appears with other otilee® wich are primarily derivatives of 
metals capable of chemiluminescence. “These are Fe,0,, Fe,0, + 740,, Sn0,, cud, “PbO, 
Pb,0, and Zn0, A1,0,, etc. These oxides are added to chromium oxide in amounts 
from traces to 50%. A mixture or Cr,0, with aluminum: silicate (acid-activated), 
available under the name "Filtrol", is also effective. The above “catalyzers” are 
used in amounts of 1-4%. With'-a 1% content ‘the increase. in the burning rate is 
about 0.3 em/sec [36, 59, 80, 82}. 

Some oxides, such as Feo03, Fe 0,5 Pbo04s PbO and CuO, can ‘be used independent- 


ly in amounts ranging from 0.2-7% and with a-comminution to about ‘15 » particle size 


fey 764 771. : a 
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-Chromites 


Cupric: chromite Cu0*CrJ0, has been showo to be one of the most effective con- 
bustion “catalyzers" [36, 39, 58, 67, 80, 88]. 

Other chromites are less effective; nevertheiess, they are also sometimes used. 
The activity of cupric chromite is a function of its ‘purity. The impure chromite 
with incompletely reacted CuO and Cr,0, is more. effective than the pure compound. 
However, ‘these differences are not great, because cupric chromite is: very active in 
all near This activity is also a function of the particle size, as indicated in 
Table 7.3 for propellants based on NH,C10, (or Kc10,): and with a combustible compo~ 
nent composed of. polyvinyl chloride and dibutyl sebacate in a ratio of 1:1. Some 


of the above data are given in Figure 7.1. 
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Figure 7.1. The influence of oxidizer size- 
reduction on the effectiveness of Cu0+Cr 23° 


Key: a” = burning rate r (cm/sec) at 70.3 


kg/em” and at ‘21°C and (b) = particle size 


of NH,C10,. 


It follows from this that the greatest increase in the burning rate is observed 
with Cud-Cr 0, contents of 0.1-0.15%. A lowering of the particle size of the oxidi- 
zer from 133 u to 60 u causes an increase in the burning rate of 142, and a lowering 
to 23 p results in an increase of 42%; at the same time, a dectoade ia the particle 


size of the oxidizer leads to an increase in the effectiveness of Cu0*Cr40,. Thus, 
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se tae 












a i% addition of chromite in: the case of epbfticle sizes of 133 ee sncrenses 


ing rate by 29%; with particle sizes of 60 ws by 3223 “and: with 23 ‘ by 39%. 


rate in propellants based cn potassium perchlorate exci). 


In Table 7.4, we present the data on other chromites as compared’ with. ‘Cat: Cr Ds 


in propellants with a composition of Ore polyester and styrene 1:1 aad with 1 








oxidizer particle size of 60 u. It is immediately evident that no other chromite 
exceeds the effectiveness of cupric chromite. ei 
The above chromites are obtained in the following manner: 72.6 g of Ou0N05)9* 
3H,0 are dissolved in 240 ml of watec. This is heated ty 70°C, and‘a Balutioa’ of 
37.8 g of (NH,),Cr,0, in 180 ml of water with 45 ml of 28% aq. NH, is added to it. 
After mixing, there is a precipitation; this is the inert ammoniocupric chromate, 
which is dried at 110°C. The so-called unleached cupric chromite appears after 


roasting in a crucible. If the precipitate had previously been washed twice 


TABLE 7.3. THE INFLUENCE OF Cu0-Cr,0, ON THE BURNING 


RATE OF SOME PROPELLANTS BASED ON POLYVINYL CHLORIDE 











































Mean . Burning 
| Oxidizer particle Cu0-Cr50, rate at eg 
[4] size 70.3 kg/em2 7 
fu] {cm/sec] 
NH,C1O, 15) 60 
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with dilute acetic acid, the so-called Jeached cireied: Cu0:Cr, 0. 


have been obtained after drying and roasting. , 





The cupric chromite Cud:Cr,0,-= 84:15.2 is obtained by roasting ‘the. recipi 
tate which appears when solutions of 127 g of Cu(NO,),*3H,0' in water and B 
NH,) ,Cr,0. are mixed and aq. NH. 


3 is neutralized. 


TABLE- 7.4, THE EFFECT OF VARIOUS CHROMATES AND CHROMETES ON THE 
BURNING RATE OF SOME PROPELLANTS WITH POLYESTER-STYPENE BINDERS 






‘Burning 















rate © ‘Increase 
Catalyzer at 70.3 inr 
as “kg/m? 

-’.[em/sec] 


Ammoniocupric chromate 
Leached Cu0*Cr 2°3 (1:1) 
Unleached CuO: Cr40, 
Cupric~cadmium-zinc chromite 


Cu0-Cr 2°3 (84:15.3) 0.352 
Cupric-magnesium chromite 0.324 ; 
Ferric chromite 0.39. 


Ammonio~cupric-cadmium-zine chromate 


Cupric-cadmium-zine chromite is obtained by roasting the precipitate occurring . 
from the mixing of solutions of 4.6 g of Cd (NO,) .°3H,0, 4.8 ¢g of Cu(NO,) .*3H,0:and | 


47.4 g of ZnSO, *7H,0 in 100 ml of water and 25.2 g of (NH,).Cr,0,.in 100 ml.of water 


4) 2°F 207: 


and then neutralizing. with 15 ml of a 28% ammonia solution. 





Magnesium-cupric chromite is obtained by roasting the precipitate resulting 


from the mixing of solutions of 63 2 of MgC1, + 6H,0 and 32 g of Cu(No *3H,0 with 


3)2 


3.2 g of (NH Cr505 and then neutralizing with aqueous NH. 


2 


Due to the good solubility of ferric chromite, it is obtained in a somewhat 
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different manner. 67.33 g of Fe(NO,)5-9H,0 ‘ds dissolved in 500 ml of “water ‘and t e 





hydroxide is precipitated with ammonia. “Then, an aqueous solution of 507g vf 
is added. ‘The chromate crystallizes dufing evaporation; ‘the’ product : obtain ‘is 
subjected to roasting [89]. es teat Se Saas 


ii i Et Pein BST Fat, 


Perchlorates 


rit % 


The perchlorates of such metals as chromium (ce), ‘cobalt (Co) )s iron (2) + man- 
ganese (Mn), silver (Ag) and-copper. (Cu) have proved to be very active ae Se 
Some of them increase the burning rate by more than 100% (ferric perchlorate). 

The activity of the above perchlorates is given in Table 7:5 [90] for a pro-., 


pellant of composition: 


% 
(WH,) Cr,0, 1.99 
NH,NO, 72.79 
polyester 9.79 
diethylene glycol 43.00 parts by weight 
adipic acid 25° Ne x 
maleic anhydride 1.75 ie Hs 
styrene : (2.66 
methyl acrylate 12.28 
polymerization catalyzer + lecithin 0.49 
100.00 


TABLE 7.5. . THE "FFECT OF THE PERCHLORATES OF VARIOUS 
METALS ON THE BURNING RATE OF A PROPELLANT WITH A BINDER 
CONTAINING POLYESTERS, ‘STYRENE AND METHYL ACRYLATE 













Burning rate rat 

70.3 kp /eai2 ‘[em/sec] 
0.305 
0.330 
0.381 
0.330 
0.305 
0.279 





Perchlorates 















- Chromium (Cr) (ic) 
Cobalt (Co) 
Ferric (Fe) 
Manganic (Mn) 

Silver (Ag) 

Cupric (Cu) 
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Silicates and titanates. aonb 
Organic silicates: methyl, ethyl, propyl, i-propyl; titanatee: methyl, ethyl; 
some inorganic silicates such as calcium silicate; and earths treated with amines: 
“nave the ability of increasing the burning rates of propellants dased on amzoniua 
oxidizers.by 100% and even more. In this case they exhibit a’ bee action, with is 


ammonium dichromate (NH,), Cr,0,. The best "eatalyzer” is one with a "tonpout tion of Car: 


i aya aie 3 
1-50% (NH,) °F 20, and 50-99% silicates or titanates. 


By way of example, the influence of ethyl silicate-on a propellant of compo- } 


sition: | | 
: v4 
ears 85.00 
polyester 3.58 
ethylene glycol 43 parts by weight 
adipic acid SGtQ5* 9) we kK 
maleic anhydride 1:75 " " ¥ 
n-butyl acrylate 9.33 
methyl acrylate 1.44 | 
methylethyl ketone peroxide 0.40 
lecithin 0.25 ; 
100.00 


is presented in Table 7.6 


TABLE 7.6, THE EFFECT OF ETHYL SILICATE ON THE BURNING RATE OF 
A PROPELLANT WITY A BINDER CONTAINING POLYESTERS AND ACRYLATES 


Burning a) rat 


70.3 halen and at 
15.6°C [cm/sec] 


Ethyl silicate 

; * 
Gat, ) 408 285° 
i} silicate 2/3 


(NH, ) 9Cr9) 0, 1/3 



























ve 
wi ay ye me, me 


*(See Table 7.6) The. data for (i) ,6r,0, 0, are ‘correct coil ditferent, 


:= 
propellant, composition but, - because: of the fee ditremasers ‘they. can also. be ass 


sumed for the above composition. 


i 





i 
8 
It follows from this Table that the addition of 1.5% of the mixed “cazalyzer’ 
has the same effect as the combined effect of 1% (NH, > },Cr,0, and 1% ethyl silicate . 


[91]. 


Lead salts 
Because lead is an element with a high chemiluminescence, it induces an in- 
crease in the burning rate both as a metal and in the form of salts. ‘In this re- 


spect, one of its best compounds is plumbous chloride (PbC1. When added in the 


2): 
amounts of 0.05-5% to propellants based on ammonium oxidizers, it increases the 


burning rate by almost 100%. In the case of these propellants, it-is more-often. 


used together with ammonium dichromate (NH, ),Cr505. 


For example, for propellants of compositions: 


A B 
% z 
(WH) 9°r 90, 1.99 2.00 
NH,NO, 72.79 76.00 
polyester 9.79 5.82 
diethylene glycol 43 parts by weight 47.00% 
adipic acid Geez th: Warccat 49(45% 
maleic anhydride TEE ee 4 3.55% 
styrene ‘ 2.66 2.79 
methyl acrylate 12.28 12.49 
polymerization catalyzer + lecithin 0.94 0.80 
cobalt octanoate fee eo 0,10 





100.00 100.00 


The effect of PbCl, is as follows: 











= 
i 
Propellant PbCL, Burning rate at 70.3” kg/ea” beetee t! 
z ‘cm/sec we De 
- 0.178 ee nee - Act \ 
1 0.330 ' : 
3 







does not burn 





ow > 


0:5 0.279 


















The lead (plumbous) chloride is ground and added to the binder at the eame 


time as the oxidizer [92]. 


Other lead salts used as "catalyzers" are lead sulfide (PbS), lead azide (PbNg) i : 





and lead stearate [76, 78, 92]. 


Metallic ‘elements 
Metallic elements such as powdered copper (Cu) ‘in amounts of 0:5-7% and ‘with a 
particle size of 15 1, powdered iron and aluminum are also capable of increasing ‘the ; 
burning rate. Titanium in amounts greater than 2% increases the burning rate, and 
at the same time it is a good indi genic cdabdetivié component [36,°50, 59, 76, 78). 
In addition, metallic soaps, e.g., aluminum stearate in an amount of about 2%, 
facilitate the oxidation of mersiiic combustible components such as aluminum (Al), 


magnesiua (Mg), etc. [79]. 


The Prussian blue group 
A group of combustion "catalyzers" universally used today consists of substanc- 
es analogous to Prussian blue, that is, derivatives of ferri- and ferro-cyanides. 
There are a great number of them and they are of divergent effectiveness. They are 
Prussian, steel, bronze,'Milori, Turnbull, Chinese, new, Antwerp,..mineral, Berlin, 


cy Y 
Hamburg, water, Williamson, Erlanger, Paris and other blues. Milori and Prussian 





blues are the ones most frequently encountered. 
Milori blue is the oxidation product of potassium ferrocyanide K, Fe(CN) ¢ paste 
and ferrous sulfate FeSO, in the presence of small amounts of naphthenic acids. An 


electron microgram, enlarged 50,000 times, shows that ‘the particles are of uniform 


specparke 


TINTS! HE LOTS REM ERE TF 


eee 


a ad 


size, are aimost spherical and fora short -chains. ‘If naphthenic acids ‘are not. 
, at a nae 
the.particles are more. crystalline, agglomerated .and -much larger. Becausd it is 








difficult to remove the water from the paste obtained in the usual manner, ‘the pest 
method is, to mix it with the plasticizer iand treat it with a surface-active agept 
capable of ‘driving the water out of the "catalyzer™ ‘surface, ‘thus facilitating tts 
removal during drying. Ethomeens, an ethylene oxiae substituted with aliylentflee 
is such a surface-active agent. Naphthenic acids are added to Milori blue in 
amounts of 1.5-2.5%. = 

Prussian blucs are of 2 types: soluble and insoluble in water. The insoluble 
type is represented by ferric ferro-cyanice Fe, [Fe(CN)¢]4; while the soluble ferco- 
cyanides are: iron-potassium (ic), iron-sodiun (ic), iron-ammonium (ic) are 
ammoniumsodium (ic). 

The insoluble blues are most effective, but propellants containing them in 
amounts less than 6% are difficult So-agterdl although they are rewiay ignited un- 
der an increased pressure. On the other hand, soluble Prussian blues facilitate ig- 
nition under normal pressure. 

Another type of Prussida blue is known: ammonia Prussian blue. It has the 
"catalytic" property of insoluble Prussian bite in addition to the property of .fa- 
cilitating guicioa, like the soluble blue, in contents above . 3-42. 

Ammonia Prussian blue is obtained by causing gaseous ammonia to react on insol- 
uble PrusadMa bine. The rate of reaction between these 2 substances increases only 
up to 60°C. The evolved aumonia Prussian blue has a strong ammonia smell after 
cooling; however, this smell can be removed by heating for several hours at 70°C. 
The activity of odorless ammonia Prussian blues is no different than that of those 
with the odor. 

By treating various insoluble Prussian blues, having different activities and 
obtained in different ways, with ammonia, ammonia blues with identical properties 
result. 


Other ferro-cyanides used are nickel and copper ferro-cyanides. 
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All the above ferro- and ferri-cyanic "catalyzers” are added in quantities of 
0-15 parts by weight to 100 parts by weight: of propellant, preferably 1-4 varts to | 
100 ‘parts by weight of. propellant. ‘They are active via ‘absorption, primarily ‘due 
to their dark. color, and sti al sone chemi luminescence of the iron atoms; excited C, 
ax tsetse or -CN radicala, etc. (1,36, 39, 44, 49, 60, 61, 63, 64, 65, 67, 80, 81, 
87}. 

Nitrocompound+ 

The organic "catalyzers” used are its of picric and sty guate acids (2,4,6- 
trinitroresorcinol). They exert their action via exothermic decomposition or via 
chemiluminescence of the metals entering into the composition of the compounds. The 
picrates are: pctassium (K), calcium (ca), lithium (Li), chromium (Cr), aumonium 
ane), sodium (Na), copper (Cu), zinc (Zn), cadmium (Cd), nickel (Ni), aluminum 
(Al), iron (Fe), strontium (Sr), cesium (Cs), beryllium (Be), urea, n-he,tylamine 
salts; tetraethylamine and N-methylpyridine picrates. the styphnates include: the 
salts of sodium (Na), lead (Pb), ammonium cm), silver (Ag), potassium (K), cal- 
cium (Ca), barium (Ba), rubidium (Rb), magnesium (ig), pyridine, guanidine, guanyl 
urea and isopropyl amine. 

Ficrates and styphnates are added in amounts of 2-20% and their particle size 
is of the order of about 0.04-2 mm [36]. 

Tre influence ot some of the above described catalyzers is given in Table 7.7 
for a propellant based on a composition of 16.5% combustible component and 83.5% 
ammonium nitrate (NH,NO,) « 


The combustible component composition is as follows: 


parts by weight 


the copolymer, Bd/MVP 90:10 100 

irbon black 22 
stabilizer 3 
di (butoxy-ethoxy) formal 20 


MgO 3 
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This propellant was formed in a-rod with 2 diameter of 0.475 em and hardened ; 
at 32.2°C for 24 hours. These rods were cut -into lengths, 17.78 cm long, entirely aE 
covered, except for the end, with a noninflammable substance, and-placed in = vres- : 
sure bomb under the desired pressure in a nitrogen atmosphere. The bomb was _placed 
in a bath at Z temperature of 21°1°C and the burning tire cf'a 12.7em long roé was 
measured. 


Table 7.8 presents some data, which also takes other picric or styphnic salts 


into account. 


TABLE 7.8. THE EFFECT OF SOME PICRATES AND STYPHNATES ON THE BURNING 
RATE OF -A-PROPELLANT WITH BINDER CONTAINING THE COPOLYMER, Bd/MVP 9U:10 











































= . ; 4 set ed “y a 

“ (NH,) ,Cr r| CuO Cri03, parte “by wt: Burning ‘rater 
ny =. eA = Ts i 
= parts by vt. parts by wt. -: to 100 parts - oan ae 
J ¥ | te 100 parts | to 100 parts * ae a by wt. of =| 3° a pet eo 
BO) by wt. of | by wt. of “basic pro-_ | kg/cm — ‘| kg/cm’ 
4 3 | “basic pro- | “basic pro- pellant" 4 : 
ae |. : : ; 

pellant" pellanct" eines : lentased 

































I Urea styphnate 0.688 
2 Urea picrate F 
Potassium } Toons 

styphnate 
3 Dipicrylamine 0.749 


Sodium picrate 


The influence of some "catalyzers” according to data for propellants with the 
composition given in Table 7.9 can best be compared on the basis of Table 7.10, 
wherein it is evident that ammonium dichromate induces the greatest increase, while 


cupric chromite increases the burning rate by less than half. odium*picrate equals 








the effect of cupric chromite only with additive quantities 2.5 times greater. On 
the other hand, all the "catalyzers" exhibit a greater increase in the burning rate 


when mixed together than would result from the sum of the increases for the indivi- 










duai constituents. Thus, a "catalyzer" rixture furnishes a synergic action [36]. 
Other organic compounds used as combustion "catalyzers" are: monosodium 
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‘TABLE 7.9. ‘THE COMPOSITION OF SOMY PROPELLANTS == 
WITH BINDER CONTAINING THE COPOLYMER, Bd/MVP 90:10 


me ‘Composition (parts ‘by weight) 
Constituents F eo : esr 


a ¢ ” 7 s we 







. Combustible component i hie teres 
m0, 610 5 | 8.5 
(NE,)Cr,07) @ 15-y 
CRRFT AO, O 3-4 y 
Sodium picrate 
(0.23-0.15 mm, 

65-100 American sieve) 


TABLE 7.10 THE EFFECT OF, SOME COMBUSTION "CATALYZERS" ON 
THE BURNING RATE OF THE PROPELLANTS GIVEN IN TABLE 7.9 


















Propellant 2 ‘increase in 2 ‘increase in 
No. at 42.2 -kg/cm burning rate at 70.3 kg/cm /burning rate 
[em/sec] RAY: {cm/sec] Ar 
: {cm/sec} z[em/sec] 
1 (standard) - 
eee 0.369 


3 
4 
5 


. barbiturate (1-10%),, pyridine N-oxide 1-5% (exothermic decomposition) and orgsnic 
dyes [65, 67, 81]. 


Organic dyes 
The organic dyes merit a broader discussion tecause they can successfully re~ 


" 


place the inorganic “catalyzers". 


These dyes are: aniline black, the indophenols and a different type of Blue. 
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They all act by absorbing radiarion because they all have deep colors, ranging 
to black. When added-in amounts of approximately 2.5%, ‘these dyes can increase the 


burning rate by 30-402. In mixtures with inorganic "catalyzers'', ‘they exhibit a- 
synergic ‘action. = 
One of these indophenol dyer. can be obtained by beating 10 parts by weight of 
2,4-dinitro-4'=hydroxydiphenyl amine with 18 parts by weight of-dry sodium tetra- 
sulfide in 50-60 parts by weight of alcohol at a temperature of 135-145°C for 3-4 ; at 
hours in an autoclave under a pressure of 8-10 atm. The alcohol is distilled off 
and ‘the dye crystallizes from the mother solution. 
. However, commercial dyes such as: direct bives -- Pyrogene Direct Blue RL-CL 
and Pyrogere Direct Blue GLR-CL, Sulfogene Direct Rlue BN, Sulfogene Brilliant Blue 
BGL and Sulfogene Navy Blue 4RCF. Supra, are most frequently used. 


TABLE 7,11.. THE EFFECT OF ORGANIC DYES ON THE BURNING RATE 
OF PROPELLANTS WITH BINDERS CONTAINING CELLULOSE ACETATE ~ 














Burning rate r at 














2 “Burning 
Dye ie rate i 
(color index in parentheses) ‘ propellant aT Ts , 
etandard [2] 
(teviecesl studied 


[cm/sec] 











Sulfogene Direct Blue BN (956) 


Sulfogene Brilliant Blue BGL (961) 0.203 
Suifogene Navy Blue 4RCF Supra (959) 0. 203 
Pyrogene Direct Blue RL-CL (956) 0.254 


Pyrogene Direct Blue GLR-CL (959) 


Table 7.11 gives their effect on the burning rate for a propellant of composi- 


tion: 
% 
cellulose acetate 5.8 
ethylene glycol diglycolate 9.6 
2,4-dinitro-diphenyl ether 9.6 
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Prussian blue 2.0 


NH,NO, 73.0 





in which 10% of the binder (which‘ constitutes 2.5% of the propellant). is repli 
by the dye [49]. 


Salts of aromatic amino-carboxylic acids 

It was learned that during propellant ‘combustion the inorganic "catalyzers" | 
produce high-melting heavy metal oxides (Cro05, cuo, FeO, “ete.) which ‘have ‘a sub- 
stantial corrosive effect;on the nozzle (through friction caused by the “expulsion 
of solid particles). On the other hand, potassium-group oxides havea lower melting 
and boiling or sublimation point, and they pass into the gaseous phase at the tem- 
perature of combustion. When a uniform (mass) discharge is necessary, ‘the ‘nozzle 
must not change its diameter nor undergo corrosion (for example, in gas generators). 
In that case potassium-group scies and amino~carboxylicacids’are used:as combus- 
tion "catalyzers"; these are, e.g:, salts of o-aminobenzoic and anthranilic acids. 
The amount of these salts added is dependent on the binder, oxidizer and ‘the desired 
burning rate; for ammonium nitrate and cellulose esters with s self-oxidizing plas- 


ticizer, it is 1-6% [113]. 


7.2.2. Moderators 





Very often it becomes necessary to decrease the burning rate in the ‘ase ‘of'a 
number of prope-lants, particularly those:with perchlorate oxidizers. ‘This is ac~ 
complished by adding:a moderator. .However,-in-most cases the substances ‘that are 
moderators for rapidly. burning propellants containing perchlorates are, at the sane 
time, combustion "catalyzers" for propellants containing nitrates (NH,NO3, in ‘parti- 
cular). Accordingly, the term “noderator should be taken to mean a substance which 
decreases the burning rate of propellants contsining perchlorates, The application 
of moderators to propellants containing nitrates would be completely useless, be- 


cause these propellants have such a low burning rate that most frequently ‘it is 
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necessary to adc. combustion "catalyzers” in order. to suppert combustion. 





“It is possible to ‘distinguish 3 groups of moderators: salte of inorganic 
: = See * hee a a 


and hydroxylanines or semicarbazide, heteromolybdates and aliphatic diamine dij 


trates:- Hie’ see os Sheila 
Hydroxylamine or semicarbazide can serve as the moderator. ‘However, the 


salts have proved to be better; in particular, these are: 


pI PRPHCLO, - perchlorate: ms HU N-CO-NBNE,*HCLO,” ci 
NH,OH*HC1 ~- hydrochloride HN-CO-RHNE, HCL Te SY ea 
2NH,OH*H,SO, - sulfate ; 2H,.N-CO-NHNE,+H,SO, 


2 282° | 
NH,OH-H,SO, -. acid sulfate ee 


NH,OH-HNO, - nitrate H,,N-CO“NENH,, *HNO 


= Mz Z 3 


SNH, OH" HBO, ~: borate 


yOH*HPO, = phosphate 


2WH,OH-HSiF, - fluorosilicate 


3m 


2 2 


These salts are added in amounts of 0.1~20 parts by weight to 100 parts by 
weight of propellant, preferably 0.5-10 .arts by weight. As in the case of combus- 
tion "catalyzers", the moderators are ground together with the oxidizer. 


Table 7.12 shows the action of hydroxylamine and semicarbazide hydrochlorides 


in a propellant having a composition: 15% copolymer 90/10 Bd/MVP and 85% NH,C1O, 
[114]. ; 
Phospho- and.silico-molybdate compounds with the general formula- X 2 ,No,0 ° Pains 


where X= NH» Na, K, Li, Rb, Cs; n = tha valence of the a Mo, oO. anion, which ‘Tay 


b 
be 2-8; 2 = P, Si; a = 1.2; b =.6-18; ¢ = 24-62; are good moderators. 
In particular, these compounds ae 


K,SiMo 


4 12°40 - tetrapotassium-silico-12~molybdate 


1oce page 284 
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TABLE 7.22. THE EFFECT OF HYDROXYLAMINE AND‘Si | JARBAZIDE 
HYDROCHLORIDES ON THE BURNING RATE OF A PROPELLANT WITH 
BINDER CONTAINING THE COPOLYMER, -Bd/MVE 90:10 

















‘Burning rate = 









Parte by wt ‘Moderation 
to 100. parts 
by wt. of 
propellant 


Propellant |} 
“no. 












‘Moderator at 21 


at 7053 *y 
kg/cm 


kg/en* 
{cm/aec] 





HC1-H,NOH 









& WON fe 







HC1+*H,N-CO-NENH, . 


2 2 





In propellanta 1 and 2, the NH, C10, ia present with 2 particle: sizes: 
74 wand 18 uy, 70 and 30%, respectively. | 


In propellants 3 and 4, particle sizes 200 and 40 y, 70 and 302, 
respectively. 


; (NH) ,S4Mo 50,5 - tetraammonium-silico-12-molybdate 


a 


Ne Simo, 50 40 -. tetrasodium 
Rb, Sito, 40, # tetrarubidium " " 
Gs ,SiMo, 50, , - tetracesium a © 
E Li,SiMo, 50, , - tetralithium H ? 

Na ,PMo 1 0,9 ~ trisodium phospho-12-molybdate 

5 K5PMo1 40,5 - tripotassium i y 

4 (NH) PMo 50, 9 - triammonium " f 
(NH Q 5PMog0,5 ~ pentaammonium phospho-9-molybdate 
GagSiMo,0,, - hexacesium silico-9-molybdate 
(NH,) pPMog 05, - heptaammonium phospho-6-molybdate 
K7PMo) 1034 - heptapotassium phospho-il-molybdate 
NagSimo,50,, - ‘octasedium silico-12-molybdate 
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(NIL,) 9? Ho - diammonium 2-phospho-12-molybdate 


12° 42 
(NH wot 218% 2 - -hexaammonium -2-phospho-18-molybdate 
= who ae w n 
NaF iaPo hexasodium 
i Hetermolybdates are added. in amounts ‘of 0.1-15, preferably 0.2-5: parts .by 
| weight to 160 parts by weight of propellant. The effect of 2°heteromolybdates “on a 


| ‘propellant with the composition: 15% copolymer 90/10 Bd/MVP and 85% NH,Cl0, is 


‘given in Table 7.13. 


TABLE 7.13. “THE EFFECT OF HETEROMOLYBDATES ON THE “BURNING RATE: OF 
A PROPELLANT WITH BINDER CONTAINING ‘THE COPOLYMER, Bd/MVP 90:10 











'-. Moderator 





Burning rate zr 





Moderation (%) 





















parts .by. weight 


vat 42.2 “| at 70.3 














No- | ‘to 100 parts by | 2 hn 5 | at 2L.2 Jat 42.2 Jat 70.3 
weight of pro- - ke fen? P kg/cm” op kg/ea i 
pellant fem/sec} . {em/sec] [em/sec] ~ 





where: R- an alkylene or alkenylene with 2-14 carbon atoms, R' - an alkyl with 


1-4 carbon atoms, are effective moderators for propellants containing perchlorates. 

The total number of carbon atoms in the molecule should not exceed 18. The 
nitrates of these amines are effective in small amounts (0.1-20 parts by weight tuo 
100 parts by weight of propellant), are stable and do not yield harmful residues. 
after burning. 


In particular, they are the dinitrates of the following amines: 
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N,N,N',N' -- ‘tetrametayl-2,3-diamine butane P< ae wt 






“NNN! ,N? - ‘tetcamethy1-3,4-diamine hexane 







N,N,N',N' - tetramethyl~1,2-diamine ethane aes ON 






N,N,N',N' tetramethy1l-1,3-diamine Propane Me paet 







N,N,N',N’ tetramethy1-1,8-diamine octane feng 





N,N,N',N' - tetramethyl-1,14-diamine tetradecane 





N,N,N'SN' + tetramethyl-1,3-diamine dodecene~1 : i 





N,N,N',N' ~ tetramechyl-1,6-diamine hexane 








N,N,N',N' - tetramethy1~1, 3~diamine~2, 2-dimethy1-propane 
N,N,N'SN' = tetramethy1-1,3-diamine-2-ethy1, propane 
N,N,N',N' = .tetramethyl-2,4~diamine octane 






N,N,N'UN'  ~ tetramethyl-1,3~diamine butane 





N,N,N',N'  - tetramethyl-1,4-diamine butane 





N,N,N'UN' + tetramethyl-2, 5-diamine hexane 





N,N,N',N' 4 tetramethyl-1, 4<diamine ‘butene=2 





N,N,N',N’ = tetramethyl-1,5-diamine tetradecane 






N,N,N',N'O + tetramethyl~1, 5-diamine-2,4-dime shy] pentane 






N,N,N',N' = tetramethy1-1,8-diamine-3,6~dipropy1 octane 






N,N,N',N'- tetraethyl-1, 3-diamine butane 





N,N,N',W' - tetraethyl-1,3~diamine decene-2 






N,N,N',N' - tetraethy1-1,2-diamine ethylene 






N,N,N',N' + tetra-n-propyl-1,3~diamine butane 






N,N,N',N'o + tetra-i-propyl-1)4-diamine butane 





N,N - dimethyl-N' ,N'~diethyl~1, 3-diamine butane 






N,N - dimethy1-N' ,N'-diethy1-1, 10-diamine~2,8-dimethy1 decane 





Table 7.14 shows the effect of one dinitrate of these amines on a Propeliant 





of composition: 15% copolymer 90/10 Bd/MVP and 85% NH,C10, (116). 














TABLE 7.14., THE EFFECT OF N,N,N',N'-TETRAMETHYL~1,3-DIAMINO 
BUTANE NITRATE ON THE BURNING RATE OF A PROPELLANT WITH ~ 
BINDER CONTAINING TRE COPOLYMER, Bd/MVP 90:10 















‘Burning rate x 


























E N,N,N',N'=tetramethyl- eh 

ay el api a at 2L.1° 4 at 42.2 “lat 70.3 reduction . 
a | (parts by weight to 2 2 3 | wa cio 

& 100 parts by weight kg/cm kg/cm -kg/em a4 

iv) 


of. propellant) {em/sec] | [cm/sec] 


{cm/sec] 





1.600 
1.245 


70% ‘74 y 
30% 15 u 






70% 210 -u 
30% 40 u 


7.2.3... Burning rate modifiers 


Depending on their amounts or methods of application, some substances. may have 
a number of effects at the same time: they influence the burning rate; improve oth~ 
ex properties of the propellant such as the mechanical-strength, or increase the 
chemical energy reserves, etc. These substances may either increase or decrease the 
burning rate; and sometimes, depencing on the other constituents, the same substance 
can cause either an increase or a cecrease.. This type of additive, used to vary he 
burning rate, is called “burning rate modifiers", There are. frequently inaccuracies 
in the literature: in particular, the term "modifier"! is used to mean "modifier of 
the exponent n". One must distinguish between, these 2. concepts because the first 
refers to variation of the burning rate at constant pressure while the jecout Lehi 
to variations in relation to the burning rate-under different pressures of a propel- 
lant without a modifier. 

Burning rate modifiers include different types and grades of carbon black; 
graphite; silicon dioxide; some powdered metals such as boron, magnesium, aluminum; 
and mixtures of these. Of course, the carbon blacks should be included. auong the 
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combustion 


A 5 A 


‘catalyzers";. nevertheless, it.ie customary: to call them modifiers. 






terminology can‘be supported by the fact that they are universally used, no 3 
‘“catalyzers” but as fillers, ‘to improve the mechanical properties of thea 
rather than‘to increase the. burning’ rate, The latter also cetura, tap te tema 
an auxiliary or secondary effect. Frequently, however, carbon blacks aré added, for 
the sole purpose of increasing the: burning rate. : 
The mechanism of the action of carbon black has not been’ studied =- certainly 
there must. be an absorption of the radiation. Moreover, the affeativeriess’ 6 # main 
‘black ig a'function'of the degree of surfece development. Thus, for example, acti- 
vated. charcoal from animal remains has proved to be the best. ~- undoubtedly ‘because 
it has the most highly developed surface. We showld mention other types of carbon 
black and. carbon, such as channel. (gas) ‘black; “furnace black, lampblack, petroleum 


coke and graphite. 


Gas black results from the incomplete combustion of natural gas,.furnace black 





from the: partial combustion of gaseous hydrocarbons in a closed furnace, thermal 
furnace black from the decomposition of such hydrocarbons ‘as acetylene in a super- 
heated furnace; and lampblack is formed by burning liquid fuels such as’ petroleum, 
tars or the residues remaining after the distillation of petroleum. These carbon 
blacks contain a very small amount of ash (less than 0.5% and usually less than 
0.15%). In addition, they are in the form of very small Daretcllas 50-5000 A, and * 
contain certain amounts of adsorbed oxygen and hydrogen. 

Petroleum coke should have less than 1% ash, it should be activated, and it 
must be reduced in size to a particle size of about 0.044 mm. Graphite is als> sub- 
jected to grinding; it should contain no more than 5% ash. ' 

Carbon blacks, graphite 2x petroleum coke are added to propellants in amounts 
of 1-102; preferably, fev, 2-6%. It should;pass through at least a No. 20 Stan- 


dard American Sieve (mesh: 0.84 mm), better through a No. 200 (mesh: 0.074 mm), and 





most preferably through a No. 325 (mesh: 0.044 mm). 


Table 7.15 {1} illustrates the effect of the various carbon.types on- the 
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burning rate of a propellant of composition 


% 


cellulose acetate 4,75 
2,4-dinitro-diphenyl ether 8.00 
ethylene glycol diglycolate 8.00 
: insoluble Prussian blue 3.00 
acetonyl acetone dioxime 2.30 
carbon black 1-5 
; NH,NO, 69-73 . 


Itvis evident from the table that the most effective carbons are those with 
well developed surfaces. A further increase in the amount of carbon produces no 
great changes in the burning rate. For example, 2 4007 increase in the amount of 
activated charcoal resulted in only an inerease of approximately 50% in the burning 
rate in propellant Nos. 2 and 3 [1, 3, 43, 49, 61, 64, 65, 64, 77, 78, 81, 93]. 


TABLE 7.15. THE EFFECT OF VARIOUS CARBON TYPES ON THE BURNING 
RATE OF A PROPELLANT WITH BINDER CONTAINING CELLULOSE ACETATE 











| Burning rate 
. | Carbon = Increase in the 
Propellant | Type of carbon content | * 3 Ae burning rate 
| kg/em (43 
| {em/sec] 
L Standare (without carbon) - 0.356 ' - 
2 | Norit A (activated carbon), | 
| sieve 325 (mesh, 0,044 mm) 1 { 0.483 \ 35 
3 ' Norit A 5 | 0.559 | 57 
z | Carbon black, sieve 325 ; : 
| (mesh, 0.044 mm) 1 0.483 35 
5 | Petroleum coke 0.8 ° 
| Carbon black 0.2 vey zt 
coal 


Graphite | 1 0.406 14 





tt has been shown that silica in the form of a finely ground gel (10-20 .), 
acded to increase the modulus of elasticity in the amount of 1-20 parts by weight to 


100 parts by weight of binder, also induces a lowering of the burning rate (Table 
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TABLE 7.16. THE EFFECT OF 5105 ON THE BURNING RATE 





Parts by weight: to 100 parts 
by weight of copolymer 













| Propellant no. 





ow RR ES LSE 





| Copolymer Bd/MVP 90:10 
Carbon black 


$10 


2 
NH) NO, 
Di (butoxy-ethoxy-ethoxy) formal 
Milori blue 180] (8 
Ano 3 


Flexamine (stabilizer) 








Sulfur 


Aerosol OT (surface-active agent) | 
SA-113 (dithiocarbamate derivative) |! 





Burning rate r [cm/sec} 


Burning rate lowering [%] 


7.16). Tt follows from the table that an addition of about 0.3% $10, lowers the 
burning rate by almost 12% [3]. 

It was also learned that some metallic elements, when added for the purpose of 
increasing the chemical energy reserves in the propellant, either increase or re- 
duce the burning rate, depending on the amount of oxidizer. Thus, for example, bo~ 


ron decreases the burning rate when there is 82% NH NO in the propellant and in- 


3 
creases it when there is a 92% NH NO, content. This effect is exhibiced not only by 
boron but also by magnesium (Mg), a mixture of boron with magnesium, mixtures of bo- 
ron or boron with magnesium and with 50% of such elements as aluminum (Al), beryl~ 

lium (Be) and lithium (Li). These substances are added to the propellant in amounts 


of 1-10%. The particle size should at least be below 50 1; it is better if it is 


below 20 u and most preferable if it is below 10 u. The effect of these metals on 
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the biveing race is given in Table 7.17. 

Nonhardened propellants prepared in accordance with Table 7.17 were burned in a 
pressure bomb. The increase in the burning rate is almost directly proportional to. 
the boron content, as is evident from the table. With each 2% boron addicion,. the 
burning rate increases by about 30% in the presence of about 90% oxidizer.. Magnesi- 
um is less effective, and aluminum exhibits only a weak reduction in the burning 
rate; while a mixture of boron with magnesium is more effeseive than boron alone. 


In the presence of 82.5% oxidizer, boron reduces the burning rate [62]. 


7.2.4, Other substances that affect the burning rate 

This group includes those substances that do not have a direct effect on,the 
burning rate, but act indirectly by improving the properties of other constituents. 
An improvement of this type is required primarily by propellants with the composi- 
tion: ammonium nitrate (NH,NO,) with various asphalts, tars or even p/tehes. In 
these propellants the oxidizer and the combustible component both have a low melting 
point and thus have a tendency to spread over the surfa7e of the burning charge. 
This results in an insulation of the propellant from the flame, which more than once 
has caused the charge to stop burning or led to irregular combustion and low burning 
rate. In order to prevent this occurrence, thickeners are added to both the oxidi- 
zer and the combustitle component. As a result, neither the oxidizer nor the com- 
bustible componen: has a tendency to spread after the melting point is reached, out 
rather maintain the consistency of paste. The burning becomes stable and the burn~ 
ing rate increases. 

The thickening agents are generally inorganic colloidal substances such as car- 
bon black, Prussian blue, jewelers’ rouge, various types of natura: earths (improved 
with -onium or hydrophobic compounds), and synthetic earths, e.g., zeolites (alu- 
mino-sodium silicates with different Na,0 contents), cxides and hydroxides of sili- 
con, aluminum, magnesium, vanadium, iron, alkaline-earth carbonates (cac0.), etc. 


Some of the best thickeners -- -onium earths -- are obtained by the reaction 
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of natural earths with quaternary ammonium salts in amounts of 25-190 milliequiva- 
lente to 1,600 g of earth. The following ammonium compounda are used: naphthy 1+ 

ammonium :hloride, di (cyclohexyl)-anmonium bromide, laury1-dinethy1-ansonium chlo~ 
ride, tetraethane-ammonium bromide, octadecyl-ammoniun iodide, lauryl-phosphonium 

bromide and dimethyl-dicetyl~ammonium bromide. 

The natural eodius are also improved by the adsorption of hydrophobic substanc- 
es, such as primary, secondary and tertiary aliphatic amines with at least 10 cated 
atoms in the chain (e.g., dedecylamine, hexadecylamine, octadecylamine and their 
mixtures), Naphthylamine, pyridine, pyrimidine, tetrahydropyrimidine derivatives and 
polyamines and amide amines. 

The varicus types cf carbon blsck used here include furnace black with a sur- 
face area of 3-100 n? per gram and with a particle size of 0.4-0.5 u; and gas black 
with a surface area of 100-200 mn? and with a particle size of 0.2-0.4 y. 

However, fie haet ones have proved to be colloids of the aerogel type. They 
have a surface area of the order of 160 n2/g or more. They can be prepared by vari- 
ous methods, as, e.g., by burning SiCl, te 510, or by su’ ent exchange. The. latter 
method results in high porosity gels. The water in the inorganic hydrogel is re- 
placed with alcohol and the resultant alcohol gel is heated dn an autoclave above 
the critical temperature of alcohol. Then the finished aerogel is obtained after 
the pressure is lowered. 

The method of adding the thickening agent to the aumonium nitrate is very im- 
portant. For example, adding 5% jewelers’ rouge or cslcium silicate by mixing the 
dry substances has no effect on the viscosity of fused ammonium nitrate. On the 
other hand, when these same substances are added to a 50% aqueous solution of am- 
monium nitrate and the mixture obtained is then desiccated, the substsnce obtained 
is a paste above the melting point of the nitrate, Moreover, the mixture thus ob- 
tained does not readily separate from the asphalt at the melting point during the 
combustion process. In order to obtain very fine particles during the cee tema inn 


process, an immiscible liquid in the amount of 1-5% (in relation to the solid 
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fraction) is ecJed to tne solution in question along with an emulsifying agent.’ The 
resultant emulsion is desiccated anc then the remaining liquid is driven off. 

The addition of a thickener to one phase of the propellant is not. sufficient. 
It is better if the oxidizer and the combuetible component are beth treated in the 
above manner. 

If 15% asphalt is mixed with 85% ammonium nitrate, the flame is capable of be- 
ing extinguished very readily. An addition of 1% of the reaction product of oento- 
nite (a type of natural earth) with dimethyl-diethyl ammonium chloride, available 
under the trade name "Benton 34", to agphalt results in stable combustion with a 
rate of 9.152 cm/sec. Moreover, the addition of thickeners to ammonium nitrate in- 


creases the burning rate nearly 3 times [44]. 


7.3. Modifiers of the Coefficients n, 7)» and u 

The literature contains comparatively little data on substances which affect 
the coefficients, n, 1 and u. Undoubtedly, this is the result of governmental or 
industrial secrecy due to the fact that these seer rictemes are decisive in the bal- 
listic properties of propellants. 

So far, 5 groups of compounds have been mentioned tnat affect the above coef~ 
ficients. They are plumbous salts of the higher fatty acids; polychromates (already 
discussed in section 7.2.1) and chromites; calcium and barium hivepnhtec: oximes 
and heteromolybdates. 

Obviously most important are the substances which influence the coefficient n 
in the equation r = a p: The influence of the coefficients ie and u depends on the 
temperature difference, At = (ty SS to)» in which to is the st.ndard temperature and 
th the rea: temperature of the propellant. Because standard temperaturs is usually 
room temperature or relatively close to it, At will either be equal to zezo or havea 
small value. In other words, the influence of the coefficient a on the pressure 
and that of the coefficient u on the burning rate are negligihle at temperatures 


cluce to standard temperature; consequently, substances wnich act to change the 
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values of these coefficients induce no real changes in the burning rate or the pres- 
sure under these conditions. The problem assumes a greater importance only with 
higher At values. 

On the other hand, changes in the coefficient n under the influence of various 
substances are essential and very important. After all, it is frequently desirable 
to lower the value of this coefficient. A decrease of this type induces a smaller 
variation in the burning rate as a function of the pressure and, consequertly, the 
combustion becomes more stable. Obviously, it is most advantageous to achieve the 
so-called plateau effect, where the burning rate remains the same (n = 0) for a def- 
inite pressure range. In that case, even rather significant random variations in 
the pressure (taking place within the given pressure range) do not cause a variation 
in the burning rate, which is undoubtedly quite advantageous. 

Substances which radically reduce the coefficient n .% equaled also result 
in the plateau effect are plumbous salts of organic acids such as the N,N-di(2- 
ethyl-hexyl)-8-aminopropionate, 12-ketostearate, 9- or 10-acetamide stearate, cyclo- 
hexyloxyacetate, butoxy acetate, etc. The acids should have at least 6 carbon atoms 
in the chain. 

In amounts of about 3% of the propellant, these salts induce a practically con- 
stant burning rate in the pressure range, 70.3-140.6 kg/m” (Table 7.18) for a pro- 


pellant of composition: 


% 
nitroglycerin 24.7 
nitrocellulose 57.8 
triacetyne 9,2 
dioctyl phthalate 3133 
2-nitro-diphenylamine 1.7 
plumbous salt Ba 


To be sure, the example in Table 7.18 concerns colloidal propellants, but it is 
also possible to achieve the plateau effect in composite fuels, particularly those 


bssed on ammonium perchlorate [6, 67, 77]. 
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TABLE 7.18. THE EYFECT OF LEAD SALT ON THE. 
BURNING RATE OF A NITROCELLULOSE PROPELLANT 


AOR 


Burning rate rat 
70.3-140.6 ke/en" 

















. at 21.0'°C 
{em/sec] 





at. 60°C 
[em/sec] 







N,N-di-2-ethyl-hexyl-p- 
amino propionate 






0.838-9.991 ~ 
0.813-0.940 _ 
0.813-0.940 


0.838-0.99° 
0.660-0.838 
0.711-0.889 






12-ketostearate 
Basic 12-ketostearate 













H 
9(10)-acetamide stearate 0. 686-0.736 | 0.787-0.864 
Cyclohexyloxy acetate 0.864-0.864 } 1:09 -1.07. 
Butoxy acetate 0.940-0. 864 | 0.940-0.914 
Tetraphenylide 0.73750.991 | 0.889-1.19 


Oximes, particularly those in which the oxime group or groups are bound with 
acyclic carbon atoms, are especially effective in lowering the n value. Cyclic ox- 
imes, such as benzoic or salicylic aldehyde derivatives, have proved to be excel- 


lent. In this respect, the oximes that are generally better are those with the for- 


mula: 


R-C- (CH), CR’ : 
x NOH 


where: R and R? = ~CH,, ~CiHe or H; y = 0-2; =X = =O, =NCH. The repres..utatives 


here are acetonylacetone dioxime or monoxime and succinic aldehyde dioxime. 


Acetonylacetone monoxime and dioxime are formed by the reaction of acetonyl- 
acetone with a hydroxylammonium salt (sulfate) in stvichiometric quantities in the | 
presence of a strong base in aqueous solution at a temperature of 65-70°C. After 

reacting, the mixture is cooled am stirred until room temperature is reached; then i 


it is drained and, after washing with a small amount of water, is subjected to 
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drying. 
Oximes are used in amounts of 1-4% of the propellant, and they. not only reduce 
the exponent n, but also facilitate ignition of the propellant. Oximes are mixed 


wich the binder-before the oxidizer is added. 


The effect exerted by oximes on the exponent n is shown by a propellant of core 


position: 
a 
cellulose acetate 4.75 
2,4-dinitro-diphenyl ether 8.00 
ethyle..e glycol diglycolate 8.00 
insoluble Prussian blue 3.00 
acetonylacetone dioxime 2.30 
NH NO, 73.95 


in which n = 0.58, and without the dioxime, n = 0.8 [1, 49]. 

Phospnates, pyrophosphates and metaphosphates of calcium and barium are very 
effective in lowering exponent n when added in amounts of 0.5-2%. The coefficients 
me and u are lowered at the same time by them. This actinn is given in Table 7.19 


for a propellant of composition: 


B 
% 

h..,NO, 75.00 72.79 76 
(NH, ) .Cr,0, 1.99 
Cu0°Cr0, 0.15 
polyester 12.35 9.79 14.11 

diethylene glycol 477% 

adipic acid 49.45% 

maleic anhydride 3.99% 
styrene 12:85— eal 2abh 8.59 
cumene hydrogen peroxide 0.25 R25 
tertiary butyl catechol , 0.25 0.40 
methyl acrylate ' #2522 
methyl-ethyl ketone peroxide 0.49 
sodium salt of dioctyl-sulfo- 

succinic acid (wetting agent) 0.50 
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- A B c 
» 4 * 
lecithin 0.05: 0.03 


TABLE 7.29. THE EFFECT OF PHOSPHATES ON THE COEFFICIENTS u, 
T, AND n FOR PROPELLANTS WITH A POLYESTER-STYRENE BINDER - 














tee Ne 


- rae Es. 
‘Pressure 


Propellant Modifier 
; 2 
[kg/en™j ° 







15.45 
10.3 
0.27 0.22 | 35.15 
0.25 0.22 | 70.3 
0.16 0.21 | 35.15 
0.23 0.21 70.3 
35.15 
70.3 
35.15 
70.3 
35.15 
35.15 
"70.15 
70.15 
56.24 
56.24 
56.24 
56.26 
56.24 
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Ca,(PO,), 


a 


Ca,(PO,)9 


Ca,,(PO 


ae 
CaoP,0, 


5 iE ee Ties Me 


" 

u 

4 
Ba,(PO,)» 
| 
| 








It is evident from this that calcium phosphate is the better one; in amounts of 
1%, it lowers the coefficient u by about 30-60%, the coefficient a Rreeccdt 40-60% 
and the exponent n py about 50% [94]. 

As already mentioned (section 7.2.1), when addec in amounts of about 1% to pro- 


pellants bageé on ammonium perchlorate and on polyester with styrene, the poly- 
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20%. 





| 

chromates lower the coefficienc u by about 15-402, *s by about 30-40% and n hy about | 
The best chromite is cupric chromite, .Cu0-Cr,0,; it lowers the exponent n.by an | 

average of about 20%, someti~es up to 50%. The other Cnteel red al less effective. 
The heteromolybdates mentioned in section 7.2.2 proved te be very effective 

modifiers of the coefficient ‘ At the same time, they are moderators for perchlo~ 

rate propellants: and-"combustion catalyzers" for nitrate propellants. i 
Together with V,055 the heteromolybdates exhibit a synergic action in lowering. 4 

the coefficient ..° Ni0, CoO, T10, 5 etc. have the opposite effect in that they tend 

to increase the rr value. The heteromolybdates are added in amounts of .0.1-6 parts 

by weight to 100 parts by weight of propellant. If a modifier composed of V9, and 

heteromolybdate is used, their ratio is 0.5 to 4.0 respectively. 


The reaction of 2 heteromolybdates on a propellant of composition: 16.5% co- 





polymer 90/10 Bd/MVP and 83.5% NH,NO.,, is given in Table 7.20, wherein it is evident 
that a greater addition of modifier does not always result in a greater lowering of 
coefficient ™) and that the best modifiers are mixtures of heteromolybdates with 


vanadium pentoxide (117]. 


7.4. Substances that Facilitate Ignition 

There are many propellants that present difficulties during ignition. Most 
frequently, these.are propellarts in which asphalt, pitch or other’ petroleum. proces~ | 
sing products enter into the composition. In that case, the addition of substances . 


that facilitate ignition is imperative. These are highly ‘polec compounds containing 





nitrogen as oxides of amines R,NO, nitriles, imines R=NR', oximes RR'=NOH, where R 





represents paraffin, olefin, aromatic and naphthenic radicals and R'-H, organic rad- 
icals. In addition to these, the compounds may contain “NO, , -0-N0, » —0-NO, “NO, 
~Cl, “br, “NH, =O, —OH, No NE-NE,, groups, etc. The above substances can be 
added to asphalt in amounts of 1-10%. 


Carbon black, which 1s particularly effective in the presence of asphalt, also 
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merits attention as a substance which facilitates ignition. It is added in amounts 


of 1-3% of the.propellant [95]. 


7.5. Surface-active Compounds 

As already mentioned, gurtice-abeive agents poruit ini increase in the fluidity 
of the unhardened propellant and, as a rebate! make it paaitipkces introduce new 
batches of oxidizer, usually about 30% +more than when surface-active agents are not 
used. Moreower, they increase the stability of the dispersion and also stabilize 
the propellant. Because they act chiefly by increasing the coefficient’ of. spread- 
ing, they are frequently called wetting agents. Quantitatively speaking, there are 
a great many surface-active agents; however, only a few of them are suitable for 
rocket propellancs. The literature contains only scanty data on these specific sub- 
stances, which is undoubtedly due to industrial secrecy. 

Among the wetting agents used in rocket propellant production, there are 2 
groups of surface-active agents: ionogenic and nonionic. 

The ionogenic agents include such. substances as: Aerosol OT, Duomeen’C Diace~ 
tate, Onyxide and lecithin. 

Aerosol OT is the sodium salt of the dioctyl ester of sulfo-succinic acid. 
Duomeen C Diacetate is the product of he reaction of acetic acid with the menosalt 
of trimethylene diamine and of acids with eecealie oft. Onyxide is cimethyl-diethy1 
ammonium bromide. a 

Lecithins are ampholytic wetters because they contain both cations of quater- 


nary nitrogen atoms and anions of oxygen atoms bound with phosphorus atoms 


cu, O CO R 


o-lecithins, CHO O COR’ 
oy 
CH, OP O| GH,CHN(CH), 





- SE ot 
f SRRITE et wire ee Phe SE en een at ean eae = 
~o | 
H 
' i | 
CH,--0--CO--R 1 | 
| Bc 1 
| B-lecithin tami re i 
: ~—O+P—O~—CH,CH,N(CH,), 
‘ ee Te ‘ | 
CH,—O.-CO-K | 
| 
where R-COOH are the higher fatty acids (5, 49, 63, 64, 87, 88, 91, 92, 94}. y, 
‘The most important nonionic wetters include sorbitan and polyglycol derivatives, 
Sorbitans ‘are compounds which result from the dehydration of sorbite 
HO. CH, 
HO -CH 
i HO-—CH-. 
foiaie sg eee aes 
{ Titra Cc ‘H. 
fic: on = ty in rill 
HO CH - g ee | 
HO CH, j | 
The: above compound is the principal dehydration product; other secondary pro- | 
ducts are formed, such as 
HO -CH- CH OH CH--OH 
: ae 
HOCH, CH CH. CH,OH — CH, CH -.CH--CH--CH,OH 
SA ! . 
VU Oo OH .OH 
OH ‘ 
CH HO CH-CH--OH : 
a | : |» 
| HO WC CH-—OF , HO CH CH OH | 
! 3 , ' 
| CH, CH CH,OH CH, CH, 
re) oO 


The esters of sorbitans and oleic acid are particularly useful. It is better 
if only a portion of the -OH groups undergoes esterification, in particular, one or 


2, no nore than 3. The so-called Arlacel C has an average of 1.5 oleic acid nole- 
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cules‘to 1 sorbitan molecule.. It isian oil-at a temperature of 25°C,-has ‘a ‘ap. ‘gr. 
of 0.95-1.00 glen, an ignition temperature of 232°C, a combustion temperature of 
299°C and a viscosity of 900-1000 ep.’ Span 85, ‘sorbitan ‘trioleate, :haa a viscosity 
of 100-250 ep.at.25°C,.a sp. gr. of 0:92-0.98, an ignition temperature of -260°C and 
a combustion temperature of 299°C. ; 

The above esters are obtained: by heating ‘oleic ‘acid and sorbitans in the.appro- 
priate molar ratios in a carbon d‘oxide atmosphere at a temperature of 260°C [96]. 
The producta obtained by the reaction of pacesay evters of sorbitans with ethylene 
oxide or, with other alkylene oxides are alao uaed. 

The polyglycola are obtained by. polymerization of alkylene oxides in the pre- 


sence of small quantities of glycol. The copolymers of 2’alkylene oxidea and poly- 


glycol esters are particularly useful. 


The so-called Pluronic L-62 has the following diagrammatic formula 
HO (C2H,0), (C3HeO) » (C2t1,0) 


It is obtained by polymerization of propylene oxide in the presence of sodium hy- 
droxide (NaOH) until the molecular weight M = 1500-1800 is reached and by a subse- 
quent copolymerization with ethylene oxide and ethylene glycol until a value of M 
2000 is reached. This is a liquid with a viscosity of 300-500 cp at 25°C. 

Another wetting tides, Nonisol-250, is the moncester of polyethylene glycol 
with a molecular weight of M1000 and carbon atom numbers of 12-20 in the acida. 

All the above surface-active agents are employed in very small amounts, usually © 
0.05-0.5%, sometimes up to 12, most preferably 0.1-0.2% of the entire propellant 


[43, 65, 81). 





7.6. Hydrophobic Substances 
Most solid rocket propellants are based on ammonium nitrate or on ammonium per- 
chlorate. Both of these oxidizers have a very annoying property: they are hygro- 


scopic. In order to eliminate this disadvantage, it is imperative that the 








oxidizer crystals be coated with hyu.uphobic substances, which protect against the 
absorption of moisture as well as ageinst agglomeration. 

Vaseline or other mineral or natural fats have long been used for this purpose. 
However, an oxidizer prepared in this manner eine bear the activity of tempera- 
tures which are of the order of several score degrees Celsius because the protective 
coating melts and runs off the crystals. In-the new methods, substances composed of 
petroleum hydrocarbons or synthetic substances base silicones, esters and chlori- 
nated hydrocarbors with a f.low temperature above 90°C and-with a harddnidy tempera- 

me at about —20°C are used. In addition, these substances are thickened by the 
soaps (known oc their hydrophobic properties) of such metals as calcium-(Ca), bari- 
um (Ba), lead (Pb) or lithium (Li). A mixture thus formed is dissolved in benzine 
and the solvent is evaporated off after tthe addition of the ree “For exampte, 
10-30% barium soap is mixed with 70-90% of-the above-mentioned mineral: or synthetic 
substances. A 0.25-2% solution of this mixture in benzine with a bp of 80-110, 110- 
140 or 140-200°C is formed. After mixing with the oxidizer, the solvent is driven 
off at a temperature of 50°C and under a pressure of 10 mm Hg. . The hydrophobic : 
coating thus obtained is resistant within the temperature range, —65 to 250°C [97]. 


Other hydrophobic substances are products substituted with halogens 


CH, (CH), _19(CBX) ,_iqNHy or CH, (CH 9 (CHX) 


2 4-1 COOMe 


4-10 


where X = the halogen and Me = the metallic cation 


or the condensation products 


CH, (CHD) 19_2gNHR 


CR ge oe e 


R = aromatic amine: benzoyl, naphthoyl, mono~, di and tri-nitrobenzoyl, nitronaph- 
thoyl, phenyl, mono-, di- and tri-nitrophenyl, naphthyl, nitronaphthyl, pyridyl, 
phenoxyl, mcno-, di- and tri-nitrophenoxyl, naphthoxyl, mono- and tri-nitronaph- 


thoxyl. Torey can also be compounds of the type 
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H,COO. 
CH; (CES) 30-20 N. Ca 


\cH,coo” 
or organic salts of bases and acids with long-chain fatty acids or amines 


+- 
CH, (Cy) 9 29NH3 B 


=o 
cH,(CH4) 10-290? 


where: R = anions: benzoic, trinitrobenzoic, nibonuta picric, acetate, nitrate, 
chloride and complex anions of nitrotrimethyl methane vith Borte del 
and tetramethyl methane with boric acid. 
ae aliphatic or aromatic ammonium, pyridine, etc. cations. 

Primary, secondary and tertiary aliphatic amines ee ae 10 carbon atoms 
in the chain are also suitable as hydrophobic substances, for example: dodecyl- 
amine, hexadecylamine, octadecylamine and aromatic wilde and derivatives of hetero- 
cyclic compounds such as the derivatives of pyridine, pyrimidine, tetrahydropyrimi- 


dine, etc. [44, 97, 98]. 


7.7. Substances that Facilitate Extrusion of the Grain 
Composite propellants frequently have a high oxidizer content, ranging to 86- 

94%. Moreover, these propellants also contain other solid substances (metallic ele- 
ments and others), which often lower the combustible component content down to 3.5%. 
It becomes evident that the extrusion of such mixtures is either impossible or 
fraught with formidable difficulties. Various types.of acne mineral/oils, etc. 
have long been employed to facilitate extrusion. However, highly chlorinated and 
fluorinated liquid polymers have proved to be the most effective. An addition of 
enly 0.1-2.04 of them frequent ly results in a several hundred percent tape ramet in 
extrusion. 4 


The halogen polymers used here should contain 2-4 carbon atoms in the monomer 


molecule and not. more than 1 hydrogen atom to 1 carbor atom. These-polymers are 


“al 





generally cbtained by the pclymerization of monomers at an elevated temperature in 


the presence of organic peroxides {100, 101, 102, 110}. 


Polymers and copolymers of the following monomers are especially suitable: 


perfluoromonochloro ethylene 
perfluoro butadiene 
perfluoro ethylene 


perfluoro chloroprene 


1,1-difluoro-2,3,3-trichloro propené-~1 
1,1-dichloro-2,3,3-trifluoro propene-1 
1, 1-difluoro-2~chloro ethylene 
1-chloro-1,2-difluoro ethylene 


1,1-difluoro-3,4,4-trichloro butene~-1 


perfluoromonschloro: butene 
perfluore cyclobutene 
perfluoro butene 


difluoro-dichloro ethylene 
{different isomers) 


sym-difluoro ethylene 
asym-di fluoro ethylene. 
asyn-dichloro ethylene 


1,1-difluoro-2-chloro propene-1 


copolymers 80:20 01: 90:10 of ;erfluoromonochloro ethylene with asym-difluoro ethy~ 


lene 


75:25 of perfluoro ethylene with asym-dichloro ethylene 


80:20 of perchloro ethylene with asym-difluoro ethylene 


the prefix "per" signifies the substitution of all the hydrogen atoms by the given 


halogen aton. 


‘The following propellants illustrate grain extrusion facilitation by the addi~ 


tion of halogen polymers: 


Three propellants were prepared according to the following compositions: 


copolymer 90/10 Bd/MVP 


NH Xo, (stabilized with 10% KNO 


4 
particle size, 60 y 


(rt,) 


butarez-25 (plesticizer) 


F207» particle size, 18 u 


A B 
% z 
7 5 5 














liquid halogen polymer? - = a 


1n propellant B the liquid polybutadiene is mixed'with the copolymer for 5-6 
minutes and the oxidizer is slowly incorporated along with the catalyzer. In pro- i 
pellant C the halogen s duglidr is mixed with the oxidizer ‘and the catalyzer and only 
, then is incorporated into the hinder with the plasticizer: The propellants obtained 
are extruded through an edhe having a diameter of 1.27 cm and under.a pressure of 
675 kg/en* and era of extrusion in cm/min is measured. 
Boi pronelibat A this rate is insignificant, for propel lant Bit is 19 m/min 
and for propellant C, 68.6 cm/min. 
Tahle 7.21 presents the properties of the most frequently employed trifluoro- 
chloro ethylene polymers, hearing the trade names: Kel-F oil No. 1s No. 3 and No. 
10 (62, 111]. 


TABLE 7.21. THE PHYSICAL PROPERTIES OF 
SOME TRIFLUORO ETHYLENE POLYMERS j 


_Kel-F of1 | Kel-F oil 


Color colorless | colorless 

Viscosity in centistokes at 38°C ‘ 220 
at 99°C 10 

Flow point, °C f ~1 


20 
. Sp. gr. dy 





*See page 284 





to p. 258. Detailed data‘on the structure, properties and preparation of these 
compounds is contained in the work ‘by Killeffer and Linz: Molybdenum Compounds. 
Interscience Publishers, New York (1952). ‘ 


to p. 283.  Poly-trifluprochloro ethylene, bp :110°C ‘at “1 mm Hg ang flow point 


below —57°C (trade name: Kel-F oi] No.1). 
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III. EXAMPLES ‘EXAMPLES OF SOLID ROCKET PROPELLANTS 

As already stated, the available publications, provide limited data on the pro- 
duction or composition of solid rocket propellants. Due to the complex poe Tre 
cal processes involved, the fact ‘that the precise eas oe of a propellant has 
rent furnished does not in the Least mean that it is possible: to prepare “ait. “This 
jvabaide dis unusually difficult, and it is weli known that -even with an established 
composition and technological process, a is not always possible ‘to obtain charges 
with identical ballistic properties. Reference is made below to some solid. propel- 
ants and general data is provided cmiinteg ent composition and the protesses 
involved in preparing the constituents ‘and the propellante themselves. ee the 
examples cited can play an important role in orienting the reader and jadiicatsog 
what possibilities may be eliminated in the designing of propellants, they cannot be 
treated as specific guidelines. 

The classification of propellants into groups is carried out on the basis of 
the binding substances. Nevertheless, there are difficulties involved in the class- 
4fication of some propellants because of the composite nature of the ‘wining consti- 


tuent. Classification on the basis of the oxidizer employed would not be advantage- 


ous because generally there are only 3: ammonium nitrate, ammonium perchlorate and 


potassium perchlorate; accordingly, a classification of this type would ‘be ‘too gen- 


eral. 











PROPELLANTS WITH SYNTHETIC POLYMERS AND POLYCONDENSATES 
8.1. Propellanta with Epoxy~Polyemide Resins 


Examples of solid rocket propsiiante! 


Propellant 1 


(a) Polyamide 

19 parts of sym-dimethyl urea and 56 parts of linoleic acid dimer are placed 
in a vessel with heating and cooling, with a mixer, reflux condenser. and distilla- 
tion unit. It is heated at 149°C for 24 hours, thus distilling off the water. The 
viscosity of the condensate is 68,000 cp at 66°C. 

(b) Epoxy resin 

Triethylene glyco? diglycidylic ether. It is obtained oy the reaction of .1,2- 
epoxy-3-chloropropane with triethylene glycol in a motar ratio of 2:1-in the pre- 
sence of NaOH. 

74 parts of triethylene glycol diglycidylic ether. are added tc the. polyamide 
at 60°C. The resin obtained is mixed with 222 parts of NH,C10, containing 1% Fe,0,. 
The mixing is continued for about 15 minutes at 60°C and the unhardened iropaiiten 
is cast into forms. The whole batch is subjected to the action of decreased pres~ 
sure in order to rid the propellant of air inclusions. When the viscosity at .60°C 
reaches 80,000-200,000 cp, the temperature is raised to 70°C and the propellant 
hardens for 10 hours. The burning rate without Fe,0, is 0.726 cm/sec; with 1% 
Fe,0,, it is 1.298 cm/sec. 

Equaisy good results are obtained with the polyamide having the amine:acid 


molar ratio of 3:1 (26 parts of sym-dimethyl urea instead of 19 parts). 


Propellant ? 





(2) Polyamide in propellant 1. 


leee page 325 





“(b) Epoxy resin ~-'the product of ‘the reaction ‘of ‘epichlorohydrin with ‘gly- 4 


“cerin in the molar ‘ratio. of 2:1. 





‘One ‘part of polyamide is’mixed with 5 parts epoxy. resin and with us Resi of 


NaCl0, andthe same procedure is‘ followed as in. propellant oe 


‘Propellant 3 

(a) Polyamide 

‘A wixture of 14 parts of sym-dimethyl urea with 10:parts of “di (4+aminopheny1) 

: methane is:slowly added (for 15-hours) to 56 parts of..the Linoléic acid dimer 

CyyHey (COOH), at 177°C. This is heated until viscosities of 30,500 cp at 18°C and 
‘4400 cp at 66°C are attained. 

(b) . Epoxy resin as in propellant 1. 

One part of each of the 2 resins is mixed with 6 parts NH, C10, (with 1% ‘Fe,0,) 
and the mixture is hardened as in propellant 1. A mixture of ammonium perchlorate 


having 2 comminuticns (70% of 0.1-30 y and 30% of 50-200 u) is used. 


Propellant 4 

(a) Polyamide 

25 parts of N-hexyl-N'-octyl urea is condensed with 9 ‘parts of ‘oxalic acid. 

(b) Epoxy resin 

1,2-epoxy-3-bromohexane ‘itil ethylene glycol in a molar ra. of)'2:1 is sub- 
jected to condensation. 

The polyamide is mixed with 3 parts epoxy. resin with 0.01 parts tricresyl 
phosphate and with 8 parts Ca(Cl0,), (containing 1% MgO). This propellant con- 


tains amine ana acid in a, molar ‘ratio of -1.5:1. 


Propellant 5 
(a) Polyamide as in propellant, 3. 
(b) » Epoxy: resin ~- product of the reaction of 1,2-epoxychloropropane with 


glycerin. 
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c. . : 2 » 2 oe pe eae eo 
5 parts of the polyamide, 1 part of glycerin diglycidylic ether and 


cc 
castor oil (plasticizer) are mixéd with 28 parts KC10, (containing 5% ‘¥e,0 





(a) Polyester-polyamide resin Y 

20 parts-of sebacic acid are heated for 15. hours with 20 parts of polyethylene 
glycol (mol..wt..~ 400) in a vessel with a reflux condenser ané’ in’ a nitrogen atmos- 
phere in the. presence of 0.5% ZnCl. Then, ‘19 parts of gyn-dimethyl ured are, added 
and it is heated for another 15 hours, after which the water is dtbtiried ore The 
viscosity of the product obtained 5 100,000:cp at 18°C and 433000 ep at’ 46°C: 

(b) - Epoxy resin -- triethylene glycol diglycidylic ether. 

One part of each of the 2 resius are mixed with 7.5 parts of ‘NH,C10, (contain~ 


ing 0.1% Fe,03). 


Propellant 7 


(ay Polyamide 

Sym-didodecyl urea and-cetylmalonic acid in a molar ratio-of 1.5:1 are sub- 
jected to condensation. : 

(b). Epoxy:resin --.the product of the reaction of 1,2-epoxy-3-bromododecane 
with 1, 2-dihydroxy-eicosane in a molar ratio of 2:1. 

40 parte of the polyamide, 7 parts of the epoxy resin and 1 part of triethyl 
acetyl citrate are mixed with 33 parts of Ba(C10,), (containing 2% $10, .as the com- 


bustion "catalyzer"). 


Propellant 8 a 
(a) Polyester-polyamide resin 
20 parts of sebacic acid are nae under a reflux condenser for 15. hours’in a 
nitrogen atmosphere with 20 parts of polyethylene glycol (nol. wt. ~ 400), after 
which 40 parts of tetraethylene pentamine are gradually added. ‘The reflux heating 


is continued and the water is distilled off. The viscosity of the product at 18°C 
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is 44,500 cp. 





(b) Epoxy resin -- triethylene glycol diglycidylic ether. 


One part of esch.of the 2 resins is:mixed with 2 parts of ‘wHjc10,”(containix 





1% Fe,0,) [108]. | 


a } B ese ig ; : 
8.2. Propellants with Thiokols 4 





Mixtures which seivée as initiators: ! 
for solid. rocket propellants: by ' 


Many recently developed propellants contsining ponte nitrate (3H,80,) an- 
monfum perchlorate (NH,C10,), asphalt, synthetic rubbers, etc. weigh a high igni~- 
tion ‘temperature and a high pressure to maintsin combustion. For example, propel- 
lants with ammonium nitrate require ~ 300°C snd ~ 14-atm, to initiate uniform com-< 

; i j 
bustion. In this case, the use of initistors becomes necessary. 

The initiator fuel must be-a mixture which is easily ignited and which fur- 
nishes a lsrge amount of gaseous products during combustion. It is.prefersble if 
such s mixture is capable of generating gases for at least 500 milliseconds. 

The following mixtures are used: 

1. an oxidizer of NH,C10, and KC10, 

2. s polysulfide binder 

3. well pulverized metals:. Al, Mg.and Ti. | 

It is.most preferable if the oxidizer content is 60-75%, the metal content, 
5-25% and the binder content, 10-40%. The oxidizer should be very fitely pulveriz— | 
ed: 0.05-0.15 mm (US sieve, 100-250), and the metsls even more so: 0.04-0:95 ‘tm 
(US sieve, 250-325). ; 

Potassium perchlorate is the most desirable because its presence results in s 
high gas temperature. Other binding substances, such as neoprene, .GR~S and. copoly- 
mers of dienes with vinylpyridines can also be used instesd of the polysulfides. 


However, the use of polysulfides sssures essier casting and hardening st lower tem- 


perstures.” 





The polysulfides produced by Thiokol Chemical Corporation that are ‘svitable : 


for the above propellants are: LP-2, *LP-3, °LP~8, ‘LP-32 and‘1P-33. 


Combustible components with ‘the ‘following ‘composition are ‘particularly useful: 


parts by weight 


diphenyl guanidine (accelerator) ‘ 0.5- 1.5 
LP-3 7.5-37.5 ; 
p-quinone dioxime (vulcani:‘er) 1.0- 3.0 a 
-di (but oxyethoxyethoxy) methane: (plasticizer) 0 - 3.0 “i 
‘sulfur (vulcsnizer) : 0 .- 0.5 a ve 
carbon black (filler) — 1.0-10 ( 
Mg 0 -0.5 

Fe,0, (combustion catalyzer) 0 -0.5 


The compositions of some initiator mixtures are given in Table 8.1 [59]. 


TABLE 8.1. .THE COMPOSITION OF SOME INITIATING 
MIXTURES CONTAINING THIOKOLS 





Constituents 













LP-3 


24.8 | 16.4 | 20.8 
Diphenyl ,;usnidine 


0.7.7. 0-5 | O66) ied 





p-Quinone dioxine 1.7 Le 3: 2.6 
Di (butoxy-ethoxy-ethoxy) methane 1:2°) (0:8 | “1.0 1.8 
Sulfur O.1:} 0.1 40.1 3} 0.4 
Carbon black 2:5 | 26)" 05 ae 





0.2. 
0:4 


0.2 0.2 0.4 
2-1 0.5 - 
3:6 | 












16.4 10.7 6.0 " 

52.0 - - - | 

- 68.4. | 69.0 | 50.0 \ 
Rocket propellants with polysulfides . 


The thiokols, LP-2 and LP-3, are very convenient for solid propellant binders. 


They permit the formation of grains with large dimensions because they undergo 
























practically no volumetric changes during vulcanization; thus, no ‘stresses: ae in 
: “eG 4E GA REE sk 
the charge. 
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Generally, polysulfide. propellanta (Table: 8,2) [45] have the following geht 


aition: 
z ; 
oxidizer 505. 65: are 
Lp 15-50. 
4 : plasticizer 0 -20 
vulcanizer 0.01= 5 
‘, accelerator 0. <5 


TABLE’ 8.2. THE COMPOSITION OF SOME 
ROCKET PROPELLANTS CONTAINING THIUKOLS 


: Propellant number 
Constituents (in 2); ; ear 


KC10, 

NH,Clo, 

LP~2 

LP-3 

p-Quinone dioxime (vulcanizer) 
Pbd, (vulcanizer) 

Dibutyl phthalate 

Furfuryl alcohol bsicgcagt” 
Stearic acid 

ZnO 


Mixing temperature, °C 





8.3. Propellants witt Polyvinyl Chloride 
The best combustible components baaec on polyvinyl chloride should contain 
about 50% plasticizer. The plasticizer. muat’ mine els a high solubility of the poly- 
mer at elevated temperatures, and the colloidal aolution. ‘thus obtained should have 


a low viscosity in order to be able to incorporate about 3 times as much oxidizer. 
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The universally known plasticizers of the pelle phthalate, adipat or glycol 





ester groups sre employed. Dioctyl and dibutyl: Sebscates: and dioctyl bhthalate have 
proved to be the best. Plssticizers with the —H0, or TOKO,” groups can’ n be used ‘only 
in mixtures with nonexplosive softeners. GiEN Sg 

The maximum amount of oxidizer that can be incorporsted furnishes 90% of ie 
oxygen required for transforming the combustible component into W, and HA0. ‘The : A 
following can be employed as oxidizers: ammonium, potassium and sodium perchlo- 
mares, ammonium and sodium nitrates and bexanitroethane, jannitol hexanitrate, etc. 
Batten castorate in the amount of 1% serves as the stabilizer. 

Sometimes, tbe copolymer of vinyl acetate with vinyl chloride, in which the 
vinyl ‘chloride predominates percentagewise, is-also used. An example of a propel~ 


lant witb polyvinyl chloride: 


parts by weigbt 


polyvinyl chloride 50 
barium castorate 2 
dibutyl sebacate ~ 50 | 
NH,C10 4 306 


The polyvinyl chloride is incorporated into the softener with the stabilizer. 
Then, NH, C10, is added to the mixer. The mixture is cast-into forms under a slight 
pressure and hardens for several minutes at a temperature of 160-175°C. 

The hardened grain retains its elasticity down to about —50°C. The burning 


rate is 0.25 cm/sec under atmospheric pressure and 1.27 cm/sec at 140.6 befcet 


Other propellants of this type are described in Table 8.3 [37,99]. 


Propellants for small caliber rockets 
A mixture of inorganic oxidizer with.a theranpiastié combustible component, 
such as Vinylite VYNU (a high-molecular copolymer of vinyl chloride with a small 
amount of vinyl acetate) together with the plasticizer. Cellosolve -- a neutral phos— 


phoric ester of ethylene glycol monobutyl ether, OP (OCH CHO C,H) 5, --is used 


here. 








TABLE 8.3. THE COMPOSITION OF 10 ROCKET 
PROPELLANTS CONTAINING POLYVINYL CHLORIDE 


Plasticizer 


polyvinyl chloride }12 | dioctyl sebacate 
dioctyl phthalate 
dibutyl sebacate 
dibutyl sebacate 
ester of acids with 6-10 carbon 
atoms and triethylene glycol 
Gcccr. somaae 
“| (ai (metboxy-ethy1) phthalate 
1(3,5,5-trimethyl~bexyl) adipate}. 
fscet- pothalate 


es pee 
‘dibutyl sebacate 


copolymer of 90% 
vinyi chloride and 
10% vinyl acetate 


The production method consists of 2 main stages: 


(a) Mixing of the finely pulverized constituents at room temperature. 


(b) Extrusion of the granules under a high pressure and at a higher tempera- 


ture. 

The temperature during extrusion must be selected so that the copolymer and 
plasticizer form a homogeneous physical mixture and that this mixture retains its: 
thermoplastic properties. “The granulated propellant can be (compression) molded in- 
to suitable shapes or inserted directly into the combustion chamber. 

In order to assure good ignition and uniform combustion, the charge is formed 


of 3 parts: igniter, auxiliary charge and main charge. 
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a. of titanium dust 


1385 2 of RCO, 


_ indispensable for a stable combustion of the. main charge. ‘The composit 





ie qt > i 


a 


auxiliary charge is.as follows: 


PrP ie eho s Elan re 


4, 
> 


17% g of KC1O, 

742 g of aluminum dust 
222 g of titanium dust 
48 g of Vinylite VYNU 
72g of Cellosolve 


the mesh analysis of KC10, in accordance with the US Standard Sieve 


mesh dimension in m 24 

on the sieve 50 0.297 0.1 
oe oe tae 0.210 2.7 ‘ 
al a a8 ae 0.149 26:8 | 
nom 8 14g 0.105 30.8 

al os ges ane 0.074 31.2 

through the sieve 200 0.074 8.7 


The main charges: 


Propellant iL 


1754 g of KC10,, dried at 100-110°C 
482 g of graphite dust 

222 g of titanium dust 

109 g of Vinylite VYNU 

163 g of Cellosolve 


sieve mesh analysis of KC10, in accordance with U3 Standard Sieve 
















a =~ 100 -O.149 — ny 





140 6.105 
7 Ss aoe 0.074 
through the sieve 200 6.074 






About 150 g of graphite are added to the perchlorate placed on sieve 70 a 


= 


shaken. The througi-screening breaks up the KC10, agglonerates and the graphite 
protects against re-agglomeration by coating the oxidizer ‘particles; the material 
that passes through the sieve and that which does not is mixed together. 

The oxidizer, graphite, titanium and Vinylite are mixed together at a tempera- 
ture of 10-30°C. The plasticizer Cellosolve, Sida, also be replaced by, trioctyl 
phosphate, is added to this mixture and mixed for 10 mimtes in a pall mili. Such c 
propellants are stable for several months. The rubber-like properties are retained 
within the temperature range, —40 to +60°C. Other. main charge compositions are 
given in Table 8.4 {50]. The screen analysis of KC10, in propellants’2,' 4,5 and 6 
is the same as in propellant 1. The screen analysis. of KC10, in propellant 3 is as 


4 
follows: 


mesh dimension in m z 

on the sieve US 100 0.149 49.7 

gee tae “  * 140 0.105 28.2 
oo “ "200 0.074 17.8 
through the sieve US 200 0.074 4.2 


A propellant of composition: 12.5% polyvinyl cbloride, 12.5% dibutyl sebacate 


and 75% NH,C10,. 


already been discussed in section 7.2.1. 


and the effect resulting from the addition of chromites to it have 
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diiieteaeaes ‘ 
{in parts by weight) { 


Graphite 7 
Vinylite VYNU 
Cellosclve 


TABLE-8.4. THE COMPOSITION OF SEVERAL ROCKET 
PROPELLANTS CONTAINING VINYLITE VrNU 


Propellant ‘nimber 





8.4. Propellants with Polyvinyl Acetate 


Propellants for assisted ‘launches, 
for rockets and as gas generators 


These are propellants based’ on ammonium nitrate, because this oxidizer assures 


the evolution of a large amount of gases with a relatively low temperature. 


the employment of these propellants in the activation of airplane engine air com 


pressors or as a source of gases to convey the oxidizer and fuel into liquid-fuel: 


rocket engines is possible. 


The general composition of such propellants is as follows: 


NH,NO, 

combustible component 
organic dye 

carbon black 

inorganic “catalyzer" 
mcdifier of cxponent n 
gassing inhibitor 


surface-active agent 
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usually .120-140°S, and adding the polymer with simultaneous stirring untli 
geneous mixture is obtained. Then the modifier 1s added and later the 






trate with “catalyzers" (organic and inorganic). “The oxidizer with “catal: 
mixed with the combustible component at a temperature below 120"C (42 is better i: 
it-does not exceed “110°C). thes tk sak = ee forms uuder 2 pressure A 
ot 0-n tgfe!. ancepcee of he eens cmap ene Fn 


8C0-1400°C. 


Propellat 1 g 

9.6 parts of 2,4-dinitro-diphenyl ether are heated at 1m0"c with 8h paths of 
ethylene glycol diglycolate. 5.8 parts of cellulose acetate (54-56%: CH,COH after 
hydrolysis) are aided and it is stirred until a homogeneous mixture ie obtained. 
After the temperature has been lowered to 110°C, a mixture of 73 parts of ‘aumonium 
nitrate with 2 parts of Prussian biue is added. , 

The burning rate is 0.254 cm/sec at 70.3 kg/en’;-n-= 0:72. 

By replacing 10% of the combustible component with Pyrogene Direct Blue RL-CL 


{color index, 956), a propellant of the following composition is formed: 


z% 
cellulose acetate 5.18 
2,4-dinitro-diphenyl ether -B.66 
ethylene glycol diglycolate 8.66 
Prussian blue 2.0 
organic dye 2.5 
NH,NO, - 73.0 


The burning rate is 0.356 cm/sec at 70.3 kg/cu*; n= 0.70. Other propellants 
of this group are given in Tavle 8.5. 
s The effect resulting from the addition of organic dyes on the burning rate of 


prope. lant 3 was discussed in section 7.2.1. [49]. 
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TABLE 8.5. THE COMPOSITION OF SEVERAL ROCKET 
PROPELLANTS CONTAINING CELLULOSE ACETATE 


Conatituents (in %) at ‘ 


Cellulose acetate 


Flexol ‘3GH (triethylene glycol _|- ; ; + 
dihexate) p { 


Ethylene glycol diglycolate 
2,4-dinitro-diphenyl ether 
Pyrogene Direct Blue RL-CF 
Pruasian blue 1 

Carbon. black 


NH,NO, 


Burning rate r at 70.3 kg/m’; 
in cm/aec - ; 


Exponent n 





8.5. Propellanta with Methyl Methacrylate 


Propellanta with the conatfatency of mud 

These are propellanta in which wethyl methacrylate disaolved in the piastici- 
zer is subjected to polymerization before the oxidizer is added. Thua, the binder 
isa highly viscous liquid and, after mixing with the oxidizer, it forms a Let of 
thick putty or mud. It is true that propallanta prepared.in thia manner do not have 
a large apecific impulae, but thay can readily ba caat into the combuation ‘tinisbias 
and when ammonium nitrate ia uaed aa the oxidizer, they yield a large quantity of | 
gaseous aolnces The lstter ia advantageoua, e.g., in assiated launchea or in gas 
generatora. 

In order to reduce the oxygen deficiency, the following are ueed as plaatici- 


zers: nitratea of n-propyl, i-propyl, n-butyl, 2-methoxy-ethyl, nitro-n-propyl and 


- 298 











Several propellanta of eas ee given in. 


aa 


nitro-n-butyl. 


TABLE -8.6.. THE: COMPOSITICN OF. SFVERAL nocKET 5 
PROPRLLANTS CONTAINING | METHACRYLAYES ‘ i. 











Propellant . 
number 















“Constituents 





A alight aepatation of. ‘NH,NO, 


was obaerved after 9 days. 
Specific. seouise ‘of 147 aeconds ~ 


at 35.15: keg /ea? - 


m,N0,, US Sieve 180. (0.08.mm) 
methyl methacrylate 


.2-methoxy-ethyl nitrate 






NH, NO. 


mbthy E aethacrylete ; A slight separation ‘of NH,NO 


3 
2-methoxy-ethyl nitrate after 14 days 









NH 40, does not separate’ after 


90 days. 
Specific ee of 179 .aeconda 


at 35.15 kg/cm” 





NH,NO, 
2-ethoxy~ethyl methacrylate 


2-methoxy-ethyl nitrate 


The methacrylate is added to the organic nitrate and heated at 40°C until the 


maximum viscosity is attained and then it.ia mixed with ammonium nitrate in a 
McRobert mixer [52]. 
A rather rare example of the employment of hydrazine nitrate as an oxidizer is 


the propellant of composition: 


% 
hydrazine nitrate No, “HNO, 60.00 
methyl acrylate 25.60 
allyl diglycol carbonate 3.60 
methyl methacrylate 10.40 
di-tertiary-buty1 peroxide 0.40 


in which the hardening of the propellant takes place in a form. The methyl acrylate 
is copolymerized with allyl diglycol carbonate and with methyl methacrylate under 


the influence of di-tertiary-butyl. peroxide [92]. 


> 












8.6. 





Propellants with Unsaturated ‘Amides 
As already stated in section 6.1. 35 acrylamide tpksapks;ddassive: the. inorgabie. 
salts of ammonium and amines to a vate? ee tantial extent. As a result seve 


percent more of the oxidizer can be incorporated in the combustible compotien’ t 







would be the case if the monomer did not dissolve the oxidizer. 


An example-of the composition ‘of such-a propellant, 


4 
N,N-dimethyl acrylamide 22.94 + 
NH,NO, 76.81. 
methyl ethyl ketone peroxide 0.25 


- 


Ammonium nitrate should have precise particle dimensions: 702.of. 0.84-2.0-mm ‘ 
(US sieve, 10-20) and.30% less than 0.84 mm (US sieve, 20). This’ propellant is 
hardened at 43°C for 16 hours. The temperature of self-ignition is about 240°C; it 
does not explode when struck-with a weight of 2 kg froma height of 100 cm. { 


The burning rate is: 


kg/cm” cm/sec | 
at 35.15 0.127 
"70.3 0.145 
" -105.4 0.168 


n= 0.26. 


This propellant is stable within the temperature ratge: —54 to +74°C [54,92]. ‘ 





8.7. Propellants with Furfuryl Alcohol Derivatives 





As already stated in section 6.1.4, the. condensate resulting from the dehydra~ 
tion of furfuryl alcohol, eotliavcdetly available under the trade name Duraloa, is 
capable of polymerization under the action of strong acids, bases or acid salts, 
even in the presence of nitrocompounds.-. Consequently, in addition to such oxidizers 


5 


as the perchlorates, nitrates, chromates,.etc., high-energy organic substances such 








‘as hexogen, \pentaerythrite tetranitrate, | tetran trobutane ‘(various “deomers, #.g:, 


1,1,4;4-; 2,2,3,3-, ‘éte.) cah be used. However, when it is ‘desirable to employ ‘the 
sbove compounds 'in:propellants, a deterrent must slso be added. 2/2~dinitre- -pro- 


pane, which is also.a plasticizer, is an excellent ‘dererrent. 


The general composition of ‘such propellants 1s de follows: — 


rT 
‘oxidizer or high-energy organic compound 50-70 
furfuryl resin -15-30 
'2,2~dinitro propane “1530 


The furfuryl resin (Duralon) .is first mixed with 2,2-dinitro propane and ‘then 
the finely pulverized oxidizer, or one of the high-energy organic: compounds mention- 
ed is added. The constituents are thoroughly -mixed.and,, after the ‘incorporation of 
ove of the polymerization’ catalyzers (HCl, 4,80, "HNO,, HAPO,; NaOH, -KOH, Al, (S0,) 45 
AlCl), it‘is-cast into forms where the final. hardening takes plsce. ‘Several typical 
compositions of propellants witb furfuryl resins are.given in Table‘8.7 [55]. 


TABLE:8.7. THE COMPOSITION OF SEVERAL ROCKET 
PROPELLANTS CONTAINING FURFURYL RESIN 









‘Propellant number 








Constituents (in %) 


Duralon ( furfuryl resin) 
2,2-dinitro propane’ 
Hexogen (cyclo-trimethylene-trinitro amine) 
Pentaerythrite tetranitrate 

NH NO, 

NH,C10, 
Inorganic acid. (polymerization catalyzer) 

























‘Preparation of the copolymer Bd/MVP and. propellants: 





The. most well known copolymers ‘of this ‘group ‘and some ‘of / he best ‘are 





polymers of 1,3-butadiene with vinyl derivatives of heterocyclic N-beses..s: 


ridine, ‘quinoline and isoquinoline. The dienes are ‘employed ‘in ‘amounts ‘of ‘at leas t 





50% and the N-bases from 15 to 50%. ; SE ae 
be, 


Propellants of this type generally have the following composition (however; not a 


always in the given amounts): 





combustible component 


‘parts -by weight 


copolymer: Bd/MVP- “100 

carbon black - 10-30 

plasticizer 10-30 

silicon dioxide 0-20 

metallic oxide Oo 5 oF 
anti-oxidizer O- 5 
‘surface-active ‘agent 2 

accelerator 0-'2 

sulfur 0-22 

‘combustion "catalyzer" 0-30 

oxidizer 75=90 


Copolymerization can take place in the mass or, as is often done, in an emul- 
sion at 5°C. 


An emulsion of this type hae. the following composition: 


parts by weight 


1,3-butadiene 90 
2-methy1-5-vinyl pyridine 10 
‘water 200 
potassium soap 6 


potassium chloride 





re got i 


“parts by weight 





sodium sait of slkylarylsulfonic acid ~~ = “0.3 x 

tetrasoditm salt of ethylene-diamine- Sie bo ii 
tetra-acetic acid 0.005 

dodecyl tertiary mercaptan 0.6-0.8 

FeSO, °7H,0 ‘0.2 

KP 0; 0.253 

‘para-menthane hydrogen peroxide 50.135 % 

potassium dimethyl-dithio carbonate 0.15 

pheny1-f-naphthylamine 1.75 


i 


19.5 parts of carbon black to 100 parts of.copolymer are added ‘to the ‘Latex ‘in 
order to initiate coagulation. Then another 2.5 parts of “carbon black and 1525. 
parts of flexamine are added. When separated from the aqueous layer, the mixture 
obtained is mixed in a ball mill with 20 parts. of .a ‘di(butoxy-ethoxy-ethoxy) methane 
plasticizer and with 5 parts of MgO. Commercial ammonium nitrate, with’ a’mean par- 
ticle size of 40 u, is thoroughly mixed with combustion "catalyzers" (picrates are 
not to be mixed with the oxidizer because of the .possibility of ‘an*explosion!) ‘and 
is added to the combustible component .in'a mill in an amount up to 835%. If one of 
the picrates is used for the combustible component, it ‘4s: incorporated only after 
the combustible component has been mixed with the oxidizer. After a thorough ‘mixing 
of the constituents, the propellant is subjected to shaping and ‘hardening. “The 
burning rate as well as the effect of picrates, styphnates, cupric ‘chromite, ‘ammoni- 
um chromate, copper dust and cupric oxide used as combustion "catalyzers" ‘are ‘dis- 
cussed in section 7.2.1. (36). 

Then we have a propellant with another composition, containing a quaternizing 
agent and a vulcanizer. From it it is possible to form a grain of large diameter, 
free from air holes, under high pressure [93]. 


parts by weight 


NA,NO, 75 
copolymer 90/10 butadiene ~ 

2-methy1-5-vinyl pyridine 21.91 
carbon black 4.38 
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ah 


henzylidine chloride 
accelerator: - Buty1-8 
sulfur 

Zn0 





Preparation of propellants with-ammonium nitrate in phase 111 

As already statéd in section 5.1.2, when heated to 2 ‘temperature. oF 32°C, am 
moniur nitrate undergoes a phase transformation, in which its volume increases by 
ahout 3.8%. This.is a: disadvantageous effect because cracking may occur during com 
hustion or storage.of the’ grain due to internal stecioas” In order to avoid this, a 
nechon of preparing the propellant ahove 32°C has heen worked out. Above this tem- 
Ferature, the-asmonium nitrate is in phase 1II and, after cooling, the propellant 
seine: without generating stresses: it separates from the copolymer. and does not 
completely fill. the microspaces in the combust ible component. After heing heated 
above 32°C, it again: assumes its fotber-véiliees , 

The’ ammonium nitrate is dried within the temperature range, 32 to 90°C, it is 
incorporated in’ the combustible component at 32-70°C and the mixture is hardened at 
80-82°C. 

Additives such as Milori hlue and tricalcium phosphate not only changé the bal~ 
listic properties of the propellant hut ‘also facilitate separation of the ammonium 
nitrate in phase IV.from the combustih. component. 

A similar action is exhihited- hy finely crystalline waxes, petrolatum, etc. 


‘The combustible. component 


parts hy weight 
copolymer 90/10 1,3-butadiene/ 


2-inethy1~5-vinyl pyridine 100 
carhon -hlack 20 
plasticizer TP-90B 20 
accelerator SA-1]3 1 


sulfur 0.75 











2s # 





rev 
v : , hea 
parte by weight ey 
zo ‘s ta aangs + ; Sok te 
stabilizer-flexamine ape TE ag TS S 
surface-active agent - Aerosol OT Paget 
ay 





‘Propellant composition 
(in ‘parts by weight) 
ac ; = : a cS RUSE 
‘combustible component | 
A > # 7 abe AS SED Whee 
MH; . 
Milori blue : : ‘=. z abyet its 


tricalcium phosphate 





The copolymer is dried in a Baker-Perkins mixer 12. and mixed with carbon black. 
The ammonium nitrate is subjected to drying in a Stokes rotary vacuum drier for 6 
hours at a temperature of 93°C and cooled to a température of 32-71°C, ‘after which 
it is mixed with Milori blue. mn 

The copolymer is placed in a Banbury mixer and heated to 54°C. ‘Then the re-. 
mainder of the additives, except the plasticizer, are incorporated and it ‘is “mixed 
for about 2 minutes. 

“the oxidizer with the Milori blue must be incorporated in the first stage in van 
amount of 30% together with 30% of the plasticizer, and the remainder, gradually, in 


small portions. After intermixing for one minute, it is extruded into forms and 


4 hardened for 24 hours at 83°C 
A B 
; The burning rate at 70.3 kg/ca” cm/sec 0.262 0.262 
The: pressure exponent n [57] 0/57 “0260 


The propellant with the following composition is obtaiued by a similar qnethod: 


parts by weight 
NH,NO, 81.05 
Bd/MVP (90/10) 11.00 
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Ba re 


parts by weight 


di (butoxy-ethoxy-et boxy)methane f 2.215 
carbon black 2.48 + 
flexamine 0. 33 
MgO 0.49. 
Milori blue 1.94 


99.50 
Flexamine and magnesium oxide are added during plasticization of the copolymer 


witb the plasticizer at a temperature of 54-68°C.. The oxidizer is added.in 4 por- 


tions. Hardening takes place at 77°C for 18 hours [61]. 


The burning rate at 70.3 kg/cm’  cm/sec_—0. 376 
Specific impulse ‘Bec 188 


Propellants with high-energy nitrogen compounds 

With an oxygen deficiency in the propellant, which is almost alwzys the case if 
the oxidizer is ammonium nitrate, tbe oe of carbon black results in the. devel- 
opment of thick smoke. In order to prevent this, part or all the carbon black is 
replaced with compounds having a high nitrogen content, i.e., at least 30% N. These 
Witintis bustle exhibit 10% explosions at the most when 0.02 g of the compound is 
struck by a weigbt of 2 kg from a height of 15 cm (when investigating a liquid, 
disks of blotting a by oT cm in diameter, are soaked witb it). Compounds such as 
the following are used: melamine, hexogen, cyclotetramethylene-tetranitroamine, 
ammonium picrate, ethylene-dinitro-amine, trotyl, dicyano-diamide, urea, hydrazine 
nitrate, etc., with a mean particle size of 0.03-50 yu, and preferably hess than 19 yp. 

The propellant is prepared in a Baker-Perkins, Bramley Beken % haivety witee 
with horizontal -or vertical paddles. The oxidizer is added in 4 lots. At the end, 
vacuum heating is used to remove any air inclusions. 

If tbe nitrogen compound is very sensitive to shock, it is dissolved together 
with the combustible compcnent end with the other additives in s galiid, cyclohex- 


ane, benzene or acetone. and only then is the oxidizer: incorporated. During the 
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Constituents 


“Copolymer Bd/MVP 90/10] 9.96 
Melamine 

Plasticizer 2-211 
Plasticizer-triacetin 
Flexamine 

p-Quinone dioxime 
MgO 

Zad0 


NH [N05 


4 


mixing, the solvent is gradually driven off under reduced pressure. “The grain is 


obtained by extrusion or.casting under pressure. Hardening takes place at room’tem- 
perature and, additionally, ‘at a temperature of '21-121°C. ‘The hardening time de- 


pends on the ‘required properties of the propellant and ranges from 3 hours to 7 days. 





The composition of some propellants with malamine is given in Table 8:8. These pro- 
pellants have a high burning rate, of the order of several cm/sec; this is apecifi- 


cally due to the high-energy nitrogen compound [88]. 


Propeliants with silica gels 
The effect of silicon dioxide ‘on the burning rate was discuzsed in section 
7.2.3. However, the main purpose of ‘adding ailica gel is to improve the phyaical 
properties of the propellant. Propeliants having the composition given in Table 
8.9 were. hardened at 77°C for’a week“and for 2’weeks and then: the maximum elongation, 
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tensile strength and modulus of elasticity were studied. a <0 the gteater tensile 
strength and modulus of elasticity, the propellant is able to bear much scene: 
stresses; thus, it is ike resistant to cracking than the same propelisat withoat ; 
silica {3}. ; . 


TABLE, 8.9.. THE EFFECT OF SILICA GEL ON THE FHYSICAL PROPERTIES 
OF PROPELLANIS CONTAINING THE COPOLYMER, Bd/MVP 90:10 





Constituents (in parts by weight/ 
100 parts by weight of copolymer 


Bd/MVP 90/10 

Carbon black 

510, ~ ‘meaa particle size 32 y 
ee 

Di ( butoxy-ethoxy-ethoxy) methane 
Milori blue 
Zn0 

Flexamine 

Aerosol OT 

Sulfur 

Accelerator SA-113 


Tensile strength after 1 week of hardening (kg/en”) 







" w Ww 2 weeks w" n ” 

Maximum elongation after 1 week of hardening (%) 
n " , " 2 weeks “ " a 

Modulus of elasticity after 1 week of hardening (kg/cm) «| 
ww ww n" ; wn" 2 wee! a " " 





Propellants with a halogen polymer facilitating grain extrusion 


F vopel ants with a high solids content in the form of oxidizer, combustion 


"catalyzer" and metallic elements were discussed in section 7.2.3. ,Most of these 








propellants are extruded under a tremendous pressure, ranging up to 1400 keg sen. 


Formidable difficulties are encountered whea.such a high pressure is used, and the | 


4 
| 
| 
| 








The highly-halogenated polymer or copolymer is first slnied “with ‘the. oxidizer ain 


a ball mill or in a Banbury or Baker-Perkins mixer. peepee te 

























> 


‘energy metal is added, together with the combustion “catalysei™, ‘to thie Singer with 
plasticizer and only then s che Sridizer with polymer incorporated. ‘The addition 


SD Chee 





of metallic elenents produces a significant increase in the specific impulac which 

* 

: exceeds 200 seconds for such propellants. ee a ae 

, Thus, €.g., a propellant with the following composition was } Prepared: 1103): t 

3 ’ 

combustible component 7 i 
K1,%0, “88 i 
(WH) 90r,0, 0.5 
polytrifluorochloroethylene “0.5 
boron (0.8-1:y). "250 
magnesium (18-22 y) 250 


where the combustible component ‘has ‘the following composition: 


parts by weight : 


copolymer Bd/MVP 90/10 100 ‘ 
carbon black 2 
flexamine 3 
plasticiee: <bataies ds” 48 


This propellant is cast under a pressure of 560-703 lagfont into’ grains ‘of di- 
. mension: 12.7 x 7.62 x 3.8 cm, which are burned in a small engine. The results of 
the studies (Table 8.10) indicate that the propellant remains stable for at least'5 


months at 77°C and the durability at room temperature is several times greaver [62]. 


“See page 325 








TABLE 8.10. . THE EFFECT OF AGEING TIME ON THE BURNING ‘BATE. AND. THE SPECIFIC - 
IMPULSE OF A PROPELLANT CONTAINING THE rare: Bd/MVP 96:15 


RE fi Bite Pie 


Burning rater “| “Specific | 
—_ | Sepulse 
Ageing time (at 77°C) eat * 2}? at 70.3 | at 70. 3 
kg/en? kg/en? Sat kg/cm” wef 
{em/sec] [em/sec) {sec} 


Immediately after preparation 


3 months 
6 months 





A propellant with binder based on the copolymer 
Bd/MVP, reinforced with aldehyde resins 


Unhardened thermosetting resins, such as aldehyde polycondensates with phenols, 
urea or melamine, are added to the binder in order to improve the physical Proper~ 
ties of propellants. The following aldehydes: rormic, acetic, propionic, benzoic, 
etc., and phenols: phenol, o-, p- and m-cresol, xylenols, resorcinol, etc: are em- 
ployed here. 

0.75-3 moles of aldehyde to 1 mole of phenol are used in the phenol resins. 
Condensation takes piace in an acidic or basic environment. Acidic condensation is 
employed if it is desirable to increase the mechanical strength; and basic condensa- 
tion, if it is necessary to increase the thermal strength of the grain. 


During the reaction of formeldehyde with urea, the first substance to evclve is 


dimethylol urea 


o . MM, HN-.CH,. OH Bats 
HO tO a GeO . 
‘i i 
NH, HN. CH,- OH 


which gives off water in a slightly acid environment and forms a resin whict. can be 


hacdened at an elevated temperature. 














pes pe 


dehyde to 1 mole of melamine are used. ‘The resins discussed above are added in 


amounts of 10-60 parts to 100 parts of copolymer. 
The combustible compouent generally has the composition: 


parts by weight 


copolymer Bd/MVP 100 

aldehyde resin 10- 60 
plasticizer 0-200 
surface-active agent 0- 10 
anti-oxidizer o~ 3 
vulcanization accelerator Oe 5 
sulfur O- 2 
quaternizing agent O- 25 
metallic oxide Oo 5 


There are 2 methods of preparing the propellant. In one method, ‘the resin is 
incorporated into the copolymer heated to 77-88°C. The temperature must be lower 
than the temperature of hardening of the resin or obpaivnér: In the other method, 
the copolymer is. ground in a cold mill and mixed while incorporating the resin. 
Only then is the temperature raised to 77-88°C. Then the remaining portions of the 
combustible component are added and subsequently the oxidizer with the combustion 
“catalyzer". A mixture prepared in this manner is cast under pressure or extruded 
and hardened at 21-116°C, either under atmospheric pressure or under an increased 
pressure. 


The following is the composition of such a propellant: 


4 
copolymer Bd/MVP 85/15 5.1 
Schenectady Resin 6601 2.20 
flexamine 0.3 





3See page 325 








butarez-25 (plastictzer)* 
Philrich 5 (plasticizer)? 
hexachloro-p=xylen= (quaternizing agent) 

cyanoguanidine 4 
NH,NOy 


This propellant has the burning rate: 


at 35.15 kg/ ca 0.091: cm/sec 
at 70.3 oa 0.147 cm/sec 
exponent n 0.69 


ras the temperature sensitivity (coefficient) of the pressure, ‘480. 26%/ °c, 
The mechanical properties of this propellant are given in Table 8.11. Due to the 
very low burning rate, these propellants are suitable as gas generators [104].. 


TABLE 8.11. THE EFFECT OF THE HARDENING TIME ON THE MECHANICAL 
PROPERTIES OF A PROPELLANT CONTAINING THE COPOLYMER, Bd/MVP 95215 


t Maximum Modulus of 
Hardening Tensile streugth : 
(at 88°C) elongation « - rarest E 
; {kg/cm ] 


24 hours |- } 930.46 
1 week ; 1167.1 
2 weeks 2067.0 





Binding substances for combining 
’‘gmall charges into larger ones 


The method of agglutinating small charges makes possible the obtaining of 
grains weighing more than 3000 kg. However, binding substances are not readily 


available because they must fulfil a number of conditicns. They. should be elastic 


413500 page 325 
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the individual compeneats of the charge. 


i, 5 pie ve Se. te a ay oF 
Elements of ‘the charge form concentric’ sectors of “a ring, “and the space between || 





them is filled by the binding substance. It ‘is‘used in the form of thin foi] 








(0.025-0.25 em) or ia the form ofa viscous ‘liquid. ’ Under an applied’p essure, the ] 





fuel slugs are intimately bonded to the bindirig substance and then “the whole ‘cae ‘is 
hardened at a temperature of 77-93°C. 

The binding substance is prepared in the following manner. The oxidizer is 
dissolved.in a polar solvent, e.g., in acetone, aad nixed with 4 ‘benzene solution:of © 
the copolymer. A coorecipitate of the copolymer with the oxidizer evolves in this 
mixture and is subsequently decanted and dried. Then, the vulcanizing agents, com- 
bustion "catalyzers", plasticizers, anti-oxidizers, quicanivetion accelerators, etc. 
are added. 

' The oxidizers used here are perchlorates of sodium, potassium, magnesium ‘and 
ammonium; chlorates of strontium and lithium; and nitrates of potassium, sodium, 
calcium and tibin tiie’ The amount of oxidizer is 2-25%, preferably 5-15%. Oxidizer 
s6xutbois ti a polar solvent with from 30 to 100% saturation and solutions of rub- 
bers in a nonpolar solvent of 8-10 g of copolymer in 100 g of solvent are used. 

The burning rate is regulated by the amount of oxidizer, its type, particle 
size (from 1 to 300 1) and by the combustion "catalyzers" such as: cupric chromite 
(Cu0-Cr,0,), ammonium dichromate, potassium dichromate, sodium dichromate, Prussian 
blue or Milori blue. The burning rate can be matched to requirements within the 
limits of 0.127-0.508 cm/sec at a pressure of 70.3 ke/cm*. 


The general composition of the binding substance is, as follows: 


inorganic oxidizer (NH,C10,) 2-25%, preferably 5=15% 
rubber ‘(Bd/MVP) 98-75%, preferably 95-85% 
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For example, a solution of 1.98 g of NH,C10,.in 180 nl of acetoné at 25°C 
-separetely, a solution.of 35g of ‘the copolymer ‘Bd/MVP-in°$0 m1 of benzene at*25*c 





-are prepared. Then the 2 solutions .are mixed. A coprecipitate ‘is ‘Amnediatel, 
ed, which is decanted and dried at 60°C. The NH,C10, -content ‘in ‘the copréc 
is about 9%. ee ee 

Tne above-described method of bonding the charge is not lisiited to propellants : : 
with the copolymer Base. It.can also be successfully used for propellants with 
binders based on other synthetic :rubbers, such as the butadiene-styrené ‘copolymer, Gea a 
Perbunan, butyl, neoprene, polybutadiene, acrylonitryl-styrene, the thiokels, ‘etc. | 
(39). eas Res i 


Generally, these propellants predominantly contain: 


combustible component 17.5% { 
oxidizer (NH,NO,, NH,C10,) "82.52 


In addition, about 1-2% of Milori blue is added. 

Several combustible components used in the above-described propellants are 
given in Tables 8.12 and 8.13. 

After being mixed with the oxidizer and combustion "catalyzer", the grain is 
extruded at a temperature of 82-88°C. The grain size that can.be obtained by,ex- 
trusion ranges from 15 to 30 kg. By employing the bonding method, a charge of about 
3,000 kg can be prepared from 100 such elements. Then the whole mass.is subjected 


to hardening at a temperature of about 80 + 3°C.for 16-24 hours [64]. 


High-energy propellants with boron or’ other metals 
Propellants with boron in ‘their composition contain a very small amount of com- 


bustible component because the stoichiometric amount of oxygen required for oxida~ 





tion of the combustible component and the boron is supplied by tne oxidizer only 
when it is in the amount of about 90% of the propellant; moreover, the boron itself 
further increases the solid fraction content. Propellants with such a composition 
present formidable difficulties in extrusion of the grain, and extrusion may even 
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TABLE: 8. 12. SEVERAL COMBUSTIBLE COMPONENTS WITH. 


‘PROPELLANTS COMPOSED OF "LARGE BONDED CHARGES ies 





Constituents 
(in ‘parts ‘by weight) 















Copolymer Ba/MVP 90/10 _ 
Carbon black 
Epichlorohydrin 
Sulfut | 
Za0 
Flexamine 
Wood resin 
Dibutyl -phthalate 
Liquid polybutadiene 









Accelerator buty1-8 


(WH) 4005 
Chloranil 


TABLE. 8.13. A COMBUSTIBLE ‘COMPONENT WITH ‘THE co- 
POLYMER BUTADIENE-STYRENE 90:10 WHICH IS. SUITABLE 
FOR PROPELLANTS COMPOSED OF LARGE BONDED ‘CHARGES 


Copolymer GR~S-1505 (90/10 butadiene-styrene) 
Carbon black 


Sulfur 


Flexamine 


‘|. Stearic acid 


Wood resin 


Plasticizer - pentaryl A (amyl-diphenyl) 





Accelerator -. buty1-8 
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become impossible. ~ 






facilitate the ‘obtaining of ‘larger ‘charges. ich seakcans Lett 
SS 4 : $a pat 


janta ia unsatisfactory. ‘ re 
a high oxidizer content .and.with-high-energy. elements. ‘one ‘of theseote "ik 
grinding the high-energy element with the solid oxidizer and witha small ‘amoudt of . 


the combustible component aad tben forming small spheres, tabiets or rods ‘on’ Se ed ne * 





priate presses. A propellant. thus prepared ia placed into a:form and the ‘iiguta? «ey 
polymer with the oxidizer suspension is poured over it. Another method is:based on 
mixing the propellant in tablet. form with the oxidizer suspension:in the ‘polymer ‘and 
then casting the whole mass into forms. The propellant obtained by ‘botb methods’ is 


subjected to hardening. 





The high-energy elements used are beryllium, boron, lithiun, aluminum, “magneai- 
um, silicon and titanium. They should be ground to an average“particle size of 
about 20 yu. A mixture:of 2.or 3 elements can: be used and ‘their content | in ‘globules 
should be 2-202; preferably 5-102. 

The oxidizers can be: NH,NO,, NH,C10,, ‘hexanitroethane, ‘the ammonium salt -of 
nitroform, hydroxylamine nitrate, ‘hydrazine nitrate, etc. The amounts of oxidizer 
in te globules can be 80-952. 

The third constituent, of the pellets, tbe binder, is polybutadiene, the copoly- 
mer Bd/MVP, the pbutadiene~styrene copolymer, alkyl..cellulose with: leas than’6 ‘carbon 
atoms in the alkyl group (e.g., ethyl cellulose), polytetrafluoro ‘ethylene, ‘etc. |'a 

If it is necessary to use a combustion "catalyzer", it should not exceed 5% of 
the pellet composition. | 

The formed pellets are 0.3-0.6 cm in diameter. Such pelleta*can‘be formed by 
machines designed to make pills or tablets, or it is also possible to extrude rods, 
which are then cut. 

The amount of oxidizer.suspension in the polymer “depends ‘on ‘the packing of the 


pellets. It has been determined experimentally that the volume ‘not occupied. by the 
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pellsts amounts to: “about: 39. 34, 


‘greater chan 40%. If ty sed with. a different diameter 





polymer is. -NH,C10;, Kelo;, NH,NO,, - etc. The ratio of.polymer to , SeSliade is gene= 


rally 50:50 t: 20:80. 


yd HEE 
Propellant 1 
(a) Pellet composition (# 0.48 cm) 
z 
boron 8 
ethyl cellulose 2 
NH, C10, 90 
(b) Mixture of oxidizer with polymer 
.polyurethan a b 252 
% z 
castor oil 57.14 56.31 
neopentyl glycol 10.80 - 
toluene -diisocyanate 32.00 32.43 
hexylene’ glycol - 11.26 
» NH,ClO, 75% 
. This mixture is added to the form with the pellets in an ‘amount of 40% of the 


finished product. It is hardened at 71°C for 48 hours. The specific impulse is 


260 seconds. 


Propellant 2 
(a) Rod composition (@ 0.6 cm and length 0.6 cm) 





(bv) The mixture of polymer with the oxidizer 
combustible component 


castor oil 51.0 
'2-hydroxy-ethy1 castorate 26.4 
hexamethylene diisocyanate 22.6 
: 3 ‘ ae a 
NH,C10 4 = 80z 


s ‘foe ee Via seve 
‘It is hardened at 71°C for 48 hours. The specific impulse is 247 seconds. 


Propellant 3 


(a) pellet. composition (@ 0.3 cm) 
4 . z 
polyisobutylene 2 
combustible component from Propellant 2a 3 
NH,C10 7065 


Ak 
decaborane 17.5 


The pellets in the form are covered with the mixture fron Propellant 2b. =-The « 


specific impulse is 263 seconds {40}. 


Propellants with decaboranes. By gH,,) 
Decaborzne has a greater heating value a. unit eight ches boron, but because 


of its low specific bat it has a ‘deleeively. low heating vai’ per. ‘unit: voller, 
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However, it is considerably pereiae to boron with. cont to ease. rs : ‘combus: 


As is well known, during the. burning of ‘boron, the liquid ‘and: 





B,0 3 flood the burning surface, ‘cutting at. off ‘from: ‘the ie: Tie ‘Erequentl re-: 





sults.in the incomplete combustion of the boron. On “the other Thad: pata “deca- 





borane has a low melting (99.7°C) and’ boiling (213°C) ‘point, it ds evolved ih gas- 

eous form during burning of the grain; ‘obviously this eliminates the difficulties 

involved in the case of elemental boron. f 4 
Several propellants with decaborane and with the “following combustible  compo- 

nent are given in Table 8.14. ; 
Organic combustible component 


parts by weight 


copolymer 90/10 Bd/MVP 100 
furnace black 20 
tri(2-ethyl-hexy1) phosphate (plasticizer) 20 
benzylidene chloride . 6.6 
sulfur 1:75 
Zn0 5 
vulcanization acceleracor butyl-8 2 
surface~active agent Aerosol-OT z 


It is evident from Table 8.14 that the addition of the first .5%:of ‘decatorane 
is the most effective. In that case the specific impulse increases by about 1, 
while twice as much decaborane (a 10% addition) produces almost an identical in- 
crease in the specific impulse (by about 12%) with respect to the propellant without 
decaborane. Then, in spite of further addition of decaborane, tbe specific impulse 
value remains practically at the same level. The reason for this is the decreasing 
oxidizer content (due to the, increased decaborane content) and the inal tieweeell 
increasing difference between the necessary stoichiometric active oxygen content ia 
the propellant and the actual content. An increasingly larger portion of the organ- 
ic comlustible component remains unoxidized. The resulting loss of chemical energy 


counterbalances the larger heating value of the decaborane. Because only an 
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TABLE -8.34.. TSE EFFECT OF THE AMDUNT OF DECABORANE _ xt 
‘ON<THE SPECIFIC IMPULSE OF A PROPELLANT WITH BINDER. 
CONTAINING THR COPOLYMER Bd/MVP ‘90:10 





equalization occurs and not an increase in the chemical energy content of the pro- 





pellant and because decaborane is a very expensive constituent, propellants contain-~ 


ing smaller amounts of it are more advantageous [112]. 


8.9. Propellants with Polyesters 
Many polyester-styrene propellants were discussed in section 7.2 in connection Sy 


with the effects of polychromates, lead salts, silicates, titanates and phosphates. 


Bonding of polyester-styrene charges 
with the combustion chamber walls 
The problem of preparing the bonding coating of the charge with the. chamber 


wall is a very important, although difficult one. This layer or coating should as- 


sure the adhesion of the charge to the wall under various temperature conditions and 










with different stresses. It-is ‘composed of materials such a5 glass fabric 


‘fabric, cloth, etc., whinh are impregnated with polyester resins wit! “the 2 





os 


of. an olefin wonomer capable of producing ‘a space lattice. gith the resin “me 


ner, is‘mixed with the liquid resin. 



















ers 


that 


"ig 
* 


The grain is, formed-of polyester resin sinilar to the: coutinptyenia saat 
the resin of the grain is harder. This similnrity of -the resins is necessary for an 
intimate union of the grain with the coating layer after hardening. Several pei ’ 
ester resins that serve as binders ate listed‘in Table 8.15. : 


TABLE 8.15. THE COMPOSITION OF SEVERAL POLYESTER RESINS 
SUITABLE AS BINDERS FOR SOLID ROCKET PROPELLANTS 





Sebacic acid ; 
Adipic acid 
Maleic anhydride 
‘Ethylene glycol 
Diethylene glycol 
Polyethylene glycol (mol. wt. 300) 
Propylene glycol ‘ 
Polypropylene glycol (mol. wt. 425) 


The following resin with composition given in moles is suitable for uniting the 


coating layer with propellants based on oinders: 


fumaric acid 3.4 
phthalic anhydride 4 
ethylene glycol 3.6 


diethylene glycol 8 


A polyester of this type tends to harden at room temperature. In order to 


aveid this, it is necessary to add hydroquinone. 





amram se 


The sddition of styrene to the condensation products of the above cosa tieuents * 
contributea to the hateropolymarization of tha-resin, after which the resin acquires’ 
thermoaetting properties. Of course, other unsaturated’ compounds are also used, al~ 
though not as universally as styrene, because the latter has the advantage of low 
cost in conipnctinied, e.g-, with acrylic acid esters, acrylonitrile, etc, 

Conventional oxidizers in amounts of 45-90% are used in the polyester-sty ene 
propellants. Cyclohexenol l-hydrogen peroxide’ and cumene hydrogen perexide, which 
are capable of inducing polymerization at room temperature, stand out ‘among the het-_ 
eropolymerization catalyzere. Organic cobalt aalts (cobslt naphthenate, etc.) are 
polymerization accelerstors. in addition-to: the hadiventional piebeacisava: benzyl 
alcchol, which effectively counteracts brittleness in the propellant, has. proved to 


be one of the best plasticizers (68,69). 
8.10. Propellanta with Polylactame 


Polylactam propellants with sodium and potassium perchlorate 
Lactams with a 5-7 member ring, e.g-, pyrrolidone, piperidone, e-caprolactam, 
are advantageous in that they readily polymerize even in the presence of large 
amounts of oxidizer. Alkali metals and alkaline-carth metals and their hydrides, 
borohydrides, oxidea, hydroxidea, carbonates, amides, etc. are polymerization cata- 
lyzers. The hydridea of aodium and lithium are especially useful. These catalyzers 
are added in amounts of 0.05-5%, preferably 0.1-1%, with respect to the lactam. In 


addition, initiators of the N,N-diacyl compound group, amine derivatives, etc., de- 





scribed in detail in section 6.1.9, are indispensable for polymerization. The poly- 
merization process proceeds at temperatures up to 250°C, preferably at 130-170°C. 
The lower the molecular weight of the lactam, the lower is the required polymeriza-~ 
tion temperature, 

The ratio of oxidizer to lactnm ranges from 2.5:1 to 3.5:1. This ratio should 
be 2.84:1 for sodium perchlorate and e-caprolsctam sec that the reaction can proceed 


according to the summary equation: 








8 CoH ON + 21NaClO, -> 48CO + 44H,0 + 21NaCl -4-4Ne 


For potassiva perchlorate this ratio is 3.2:1. 







‘Other constituents that increase the specific impulse are pulverized 

= ° SAAS, eae 

‘such as boryllium, boron, magnésium, aluminum; ‘hydrides such as Mg), AlH,, 
4 3 | 


drides, “A1(BH,) 5. ete. These additives should be ground to-a mean particle gs 


ut 


less than 150 y, pregurebiy 164% than 74 , and.they should: not exceed. 25% of ‘the 
propellant; it is better if they are present in amounts of §-10%. 

Sulfamides, such as N-ethyl-p-tolucne sulfamide, N-ethyl-o-toluene ‘sulfamide; 
bi-substituted amides, sucii as dimethyl formamide; glycol ethers, ‘such ‘as ethylene 
glycol dimethyl ether, etc., are good plasticizers of tne polylactams. They, are’ 


used in amounts up to 35%, preferably 15-25%. with respect to the lactam. 


prnieetant 1 

One part of e-caprolactam with 0.01 parts of NaH and 0.5 mole percent of N- 
acetyl-caprolactam are heated to 160°C and 3 parts of ¥C10, are incorporated. Poly- 
merization proceeds very rapidly; the mixture solidifies in 10 minutes. It ‘burns 


with a vivid, bright flame. 


Propellant 2 
One part of e-caprolactam, 0.05 parts of NaH and 1 mole percent of N-acetyl- 
caprolactam are poured into a container at 80°C. Then 3.2 parts of KC10, are incor- 


porated and the mixture is heated to 160°C until it solidifies. 


Propellant 3 


One part of e-caprolactam and 0.05 parts of NaH are heated to 160°C and placed 
in a vessel. One mole percent of N-acetyl-caprolactam is added and mixed well, then 


2.84 parts of NaClo,. It is heated at 160°C for about one-half hour [75]. 
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Nitration of the ‘hydroxypolymer 
5 g of liquid hydroxypolybutadiene with mol. ‘wt. of 850: ‘and having: 26x. cebe 
lated :double bonds are dissolved in 30 ml of acetic anhydride. This solution is 
slowly added during a: 45-minute period to a mixture of 30 mi of fuming. ENO, with 30 
wl. cf acetic anhydride. The entizeé mass is cooled to about 0°C and ized for 30 
| minutes. The temperature-should not rise above 5°C. ‘The mixture SGretued. (> Soe 
into 400:'ml of water with ice, the pre-{pitated polymer is drained, washed free of 


acid with water and dried. The finished product (8.5 g) is a yellow, finely ;powder~ 


ed, inflammable substance with an 11% N content [41]. ‘ 
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9, PROPELLANTS WITH vERIVATIVES OF NATURAL == 
SUBSTANCES ‘AND RARELY USED. ?ROPELLANTS 


By 


9.1... Nitrocellulose: Propellants 


Propellants with the plateau effect 


It.has been. determincd: that a small addition of lead salts (ous) to nitrocellu- 


lose propellants causes the plateau effect to appear. This is a very advantageous 


effect because it permits the utilization of powders of this type as propellants for 


rockets or guided missiles. It then becomes unnecessary to fear variations in the 
mass output or, even more important, explosions within a given’ pressure range: . The 
effects of the different lead salts on the n exponent are discussed in section 7.3. 
In addition to nitrocellulose, ait aieSiinneae propellants, termed colloidal 
propellants, contain plasticizers, which are explosive compounds such as nitrogly- 
cerin, nitroglycol, etc. Mixtures of explosive plasticizers with nonexplosive, uni- 
versally need phthalates, sebacates, etc. are also used: Without: lead salts these 
propellants are not suitable as rocket charges because they have the characteristic 
of unstable combustion in a closed space. The burning rate rapidly increases with 
increasing pressure and temperature, which leads to destruction (blow-out) of the 


container. * 


The general composition of this type of propellants, that are suitable for 


recket propulsion, is as foilows: 


% 

nitrocelluiose 40 —70 

plasticizer (explosive + nonexplosive) | 4 —45 

lead saits 0.5-5. 

stab’ lizer S 0.5=2.5 
The typicai composition of such propellants [6]: 

z 
nitrocellulose F c 58 
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‘nitroglycerin 325 Br “aS Be: 
triacetin : Oc eeidena, Yi 
dioctyl. phthalate 2 
plumbous cyclohexyloxy acetate 1 3.5 x + 
2-nitro diphenylamine 1. "A 


Method of uniform incorporation of 
additives into nitrocellulose fuels 


In this method 2 solvents which are mutually miscible only to a slight degree 
are used. Most frequently, they are water and ethyl acetate. A nitrocellulose. sus~ 
pension is prepared in the water; and a suspension of other, additives, such aa car- 
ben black, modifiers of the exponent n or "“catalyzers", or the various additive. sub- 
ciate are dissolved in the ethyl acetate. The 2 suspensions are enérgetically 
mixed until an emulsion is formed and colloid protectors, such as dextrine, amidon, 
gum arabic or animal protein, are added to increase the stability. During mixing, 
the qeieteatistoed gradually dissolves in the ethyl acetate. by means of an appro~ 
priate mixing force and by the addition of various emulsifying agents, such as salts 
of fatty acids or sulfonated oils, it is possible to regulate. the particle size of 
the emulsion. Then the Sebadltuee iy raised to somewhat below the boiling point of 
water (99°C), the ethyl scetate evaporates off and the finished product precipitates 
out of the mixture. ‘Before evaporation, a sodium sulfate solution, which reduces 
the amount of water in the particles of the emulsion through the osmotic effect, is 
added. The propellant thus obtained exbiaave a lowered porosity. 

In the method described, substances such as: carbon black, powdered aluminum, 
hexogen, calcium carbonate (stabilizer), powdered iron, iron oxides, minium, plum- 
bous stearate, plumbous chromate, plumbous sulfide, plumbous azide, dyes, etc., can 
be incorporated. 

The propellant thus obtained usually contains a small amount of plasticizer in 
order to maintain a constant consistency during precipitation from the aqueous sus- 


pension. After drying, this propellant is mixed with the plasticizer (which is 








ture becomes homogeneous and sets. A grain prepared in this. ‘manner is highly homo- 


geneous, and its strength and ether mechanical sedoubais sabe properties are adequate 


for rocket. propulsion. 


Propellant » 


(a) 250 parts of well pulverized nitrocellulose (12.6% N) are mixed with 4,100 


parts of water at 50°C. A suspension of 0.7 parts of carbon black in 100 parts of 
ethyl acetate is prepared separately. This suspension is added to another 1,250 
parts of ethyl acetate, Another 31.4 parts of dinitro toluene and 2.8 parts of 
ethyl centralite is added to this. Both of these suspensions are mixed together and 
the temperature is raised to 68°C. The mixing is continued for about one hour until 
the nitrocellulose dissolves in the ethylacetate. Then 25 parts of ‘colloid protec~ 
tor (a type of animal protein) in 150 parts of water are added. ‘In order. to reduce 
the particle size of the emulsion, 24 parta of a 40% solution of sodium 2-ethyl- 
hexyl-sulfate are used. The desired. particle size in the emulsion is 0,127 mm, pre- 
ferably 0.025 mm. A aotte ted of 155 parts of Na,50, in 300 parts of water is incor- 
porated over a perite of one hour, and it is stirred for another 3 hours. Then the 
temperature is raised to 99°C, the ethyl acetate evaporates and the emulsified par- 


ticles solidify. The finished product is drained and dried at 50°C. It contains: 


87.7% nitrocelluloae 
11.0% dinitro toluene 
0.3% carbon black 
1.0% centralite 


(b) about 56.18 parts of the substance thus prepared are placed in a Sigma 


paddle mixer and mixed for 16 hours under a vacuum of 10 mm Hg. 
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In the meantime 37 parts of a-plasticizer ‘of ‘composition: 
‘74% nitroglycerin g 
‘25% dimethyl phthal-te 

‘1% ethyl.centralite 






are placed under a vacuum of 10 mm Hg and also allowed to renaic for 16 hours... The 
2 substances are mixed together under a vacuum in order to prevent air inclusions. 
After mixing, they are poured into. forms with“substarices ‘that ‘are resistant to ni- 
troglycerin, such as cellulose acetate, methyl’methacrylaté or ‘ethyl ‘celluloses “The : 
forms with the mixture are heated-to 75°C -and this temperature Js maintained until 
the propellant is dissolved and sete. “Such a:mixture sets in 21 hours if it remaine | 


at a low temperature of about 22°C. 


Propellant 2 | 
A mixture is prepared as in the case of propellant la. -5 parts of such a sub- 
stance are allowed to remain in a mixer for 16 hours under a vacuum of /10 mmHg. 
Separately, 10 parts of a plasticizer with a composition as in the case of propel- \ 
lant 1b are placed under a vacuum. The 2 substances are mixed under vacuum and 15 
parts of NH,C1O, with a mean particle size of 0.0051 cm are added. Dissolution of 
the prepellant in a plasticizer (from several minutes to several hours) and gelatin 
ization take place in a heated screw Pump or other at a temperature of 75-120°C, 


Then the finished propellant is extruded and cut. 


Propellant 3 

5 parts of a mixture as in.the-caze of. propellant: la are stirred’ under vacuum 
of 10 mm Hg for 72 hours. At the same time, 10 parta of’a plasticizer of composi- 
tion: 


49.5% nitroglycerin 
49.5% glycerin triacetate 
1.0%.2-nitro diphenylamine 


are subjected to stirring under vacuun. 
The 2 substances are mixed together with the addition of 15 parts of NH,C10,. 
A dispersion is formed, which can be readily cast.into forms. The forms are heated 
at 75°C until the propellant dissolves:and' sets. 
Propellants with an ammonium perchlorate dispersion have. a high burning rate 


(77, 78, 79). 


A method of eliminating: thermal stresses during grain preparation 

In thia method a mixture. of axideda with ‘resin (7:3) ‘and’with or without plas- 
ticizer is hardened and ground to a particle size of ‘about 1/2:m.. The ground mix- 
ture is screened and placed in forms while being compressed under a slight pressuze. 
In order to improve the packing, different particle sizes are used. A plasticizer, 
which causes the hardened particles to swell, is adesd to the forms with: the pulver- 
ized substance. Diffusion of the plasticizer proceeds until a homogeneous mass is 
obtained. © There are rae fealty nc thermal transformations during this process. 

Ammonium perchlorate is used as the oxidizer and nitrocellulose or polyvinyl 
nitrate as the binder. Explosive or nonexplosive substances, such as 2,2-dinitro 
propane or triacetin, are used as plasticizers. 

The oxidizer and the resin are chosen in a ratio of 70:30. When larger addi- 
tive amounts are employed in order to improve particle bonding, a plasticizer with a 
monomer such as methyl methacrylate is added to the mold. 

Because the universally used nitrocellulose with a 12.6% N content has a cer- 
tain number of free —OH groups, it can be provided with a space Lateicd) that-is, 
hardened, by means of these groups. The diisocyanates, which are added in amounts 
of 1-15% with respect to the nitrocellulose, are useful for this purpose. The less 
lattice formation agent, the slower the hardening will be, but it will be that much 


easier to control [53,105]. 





Nitrocellulose propellants with magnesium acid carbonate 


In propellants of this type the magnesium acid carbonate serves as the deter- 
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“. Mg(HCO,), 
MgCO, = MgO #00, 2 
2 temp. , 
Mg(HCO,), ——-—_s - MgO + H,O + 200, : 


The other principal constituents of these propellanta are ammonium nitrate, ni- . 
trocellulose and a powdered, high-energy metal. Several examples of such propel- 


jJants are given in-Table 9.1. 


TABLE 9.1. SEVERAL EXAMPLES OF NITROCELLULOSE 
PROPELLANTS WITH INORGANIC OXIDIZERS 


‘Propellant 
Constituents (in %) - 


Mg (HC04), (74 uw) 


‘Nitrocellulose 


Magnesium, aluminum or zinc 
(10-50 y) 


Aluminum. soap (aluminum.stearate) 





The constituents are compression molded under ‘a pressure /of 140s6<kg/en*. ‘Tf 
the NH,NO, content is increased to 50%, the mixture becomes .explosive. *Aluminun 
soap serves as the catalyzer, which facilitates the oxidetion ‘réaction ‘of the metal; 
it is added in amounts of 0.1-2% of. the propellant. 

Propellants ‘prepared in atcordance with the above compositions ‘have avery high 


combustion temserature, approximately 4000°C or even higher [79]. 


9.2. Propellants with Cellulose Acetate 


Several propellants of this group have already been discussed in connection 
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with che action. of organic stabilizers, surface-active agents pa or janic’ ‘dyes “in 
sections 7.1.2, 7.1.3 and 7.2.1. ant 
Gas-producing propellants with ‘an organic. dye -as the 
“catalyzer™ of combustion and with amnoniun nitrate 


The general composition of jsuch propellants is a8‘ follows: 


a 
NH, NO, 70 +90 
combustible component 10 —25 
blue organic dye 0.5=5 
carbon black Oo =5 
inorganic "catalyzer” o+4 
modifier of the exponent a O=-4 
gasaing inhibitor Os 
surface~active agents 0+ 0.5 


Because ammonium nitrate is’used as the oxidizer, such propellants exhibit ‘a 
slight corrosion tendency and ‘generate large amounts of gaseous products; conse~ 
dugorty: they are used as gas generators. 

The combustible component: is prepared by heating the plasticizer to a tempera- 
ture of about 150°C and then mixing with the binding substance until a homogeneous 


mixture is obtained. Then'the modifier of the exponent n is added, and later, at a 


temperature of about 120°C, the oxidizer with: the combustion "cataly::crs". The fin- 


ished propellant is extruded or cast under a pressure of 140-280 kg/on*. The : cot 
bustion temperature is:relatively low, about 800-1400°C. The following is an exan~ 
ple of,such a-propellant: 

9.6 parts of 2,4-dinitro-diphenyl ether with 9.6 parts of ethylene glycol di- 
glycolate (obtained by the condensation of 1.2 moles of ‘ethylene glycol with 1 mole 
of glycolic acid): are lieaved tin 140°C and ‘5.8 parts of celtstidve acetate (54-56% 
CH,COOH) are added. After a-homogeneous mixture’ has been ‘obtained, the temperature 
is lowered to 110°C and 73 parts of ammonium nitrate with 2 parts of Prussian blue 


arc incorporated. When organic dyes are used, 10% of the combustible component is 
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The burning rate is 0.252 aka at. 70 kgfen? and. ‘the vance exponent pee 0.72. 
replacement of “10% of the coubustible component with Pyrogene Direct Blue: “BE~CL, 


burning rate is.6.353. oarese at 70 kg/ca” and ‘the Samar n equals 70 aa}. 
= Th Cit See Aei 


Gas-generating propellants with aumonium nitrate: and, with oxines : 





As can be. seen in section 7.3, oximes have a radical action with respect to > 
lowering the exponent n value, They are added in amounts of about 10% of the Gom- i, 


bustible component. 


The combustible component: 


es 
x 
2,4-dinitro-diphenyl ether 34.64 tas aa: 
ethylene glycol. diglycolate 34.64 
cellulose acetate (54-56% CH, COOH) 20.72 
acetonylacetone dioxime : 10.0 


constitutes 23% of the. propellant. 

The oxidizer, which is ammonium nitrate, is divided inte 2 portions. 70% i8: 
ground in a micro-mill at 14,900 rpm down toa particle size of 44 Be. The remaining 
30% should have a particle size of about 0.5 mm. The 2 tenbelites are mixed together 

fhe binder with plasticizers and diag are mixed at 110-120°C end one third of 
the ammonium nitrate, mixed with Prussian blue and. carbon) black, is added rapidly. 
After 15-20 minutes of mixin,, the remaining two thirds.of the ammonium nitrate: is 
incorporated. This is mixed for another 39-40 minutes, 15 minutes of which is under 
a vacuum of at least 330 om Hg. 


A propellant prepared thus has the following composition: 


z 
cellulose acetate 4.70 
2,4-dinitro-diphenyl ether 8.00 
ethylene glycol diglycolate 8.00 
insoluble Prussian blue 3.00 


acetonylacetone dioxime 2.3 











& 
NH, NO, 73.0 
carbon black 1.0 

























This propellant flows freely at 100°C and is solid at temperatures below 90°C; 


it tolerates 2 cycles of heating for 2 hours at 80°C and cooling for 2 nours at 


—60°C [1]. 


Shielded gas-generating propellants 

The shielding substances can be asphalt, asbestos, cellophane, <2llulose ace- 
tate, etc. However, it is better if these substances have a composition similar to 
the main charge. 

Two basic shielding methods are employed. In one method, a liquid, but highly 
viscous substance is sprayed on the surface of the grain. In the other method, the 
form or mold is lined with a foil of the coating material and, after the charge has 
been poured in, it is cubjected to the action of pressure and temperature. The 
thickness of the coating is 2-10 mm in both cases. 

For propellants with cellulose acetate or cellulose acetate butyrate, the best 


shielding substance is cellulose acetate (54-56% CH,CQOH) in an amount of 40-60% 


3 
with the plasticizer in the amount of 40-60%. The mixture containing the 2 sub- 
stances is heated at 130-150°C under a pressure of 580 mm Hg until complete plasti- 


cization is achieved (2-3 hours). 


Principal charge 


6.5 g of dry cellulose acetate, and then 7.8 g of triethyl acetyl citrate, 6.8 e 


ne a 
ae ne 


g of 2,4-dinitro-phenoxy ethanol, 1.7 g of asphalt, 3 g of sodium barbiturate, 3 g 
of gas black and 1 g of 2,4-diamine toluene are added to 70.2 g of ammonium nitrate | 
(dried at 120°C for 1 hour «mder reduced pressure). This is mixed at 110°C under 


580 mm Hg for 1 hour and 15 minutes. 
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Shielding substances 

(a) Cellulose acetate (54-56% CH,COOH) is mixed wich criethyl acetyl citrate 
in a ratio of 1:1 and heated at 140°C under.580 mm Hg for 2 hours. 

(b) 40% cellulose acetate with 60% triethyl acetyl citrate. After enasarelte 
mold with a foii of the above composition, the principal charge 1s poured in and al- 
lowed to react at 110°C under a pressure of 232 kg/em? for 10 minutes. This coating 
a does not separate when the charge is held at 77°C for 30 days. 

(c) 60% cellulose acetate with 40% triethyl acetyl citrate are mixed at 150°C 
under 580 mm Hg for 3 hours. 60% is the maximum permissible amount of cellulose 
acetate. With larger amounts, difficulties arise in extrusion or squeezing out of 
the foil. 

Substances containing 30 or 35% cellulose acetate and 70 or 65% plasticizer do 
not have satisfactory propertics. During heat tests they separate from the charge 

. (81). 
Propellants with cellulose acetate or other cellu- 
lose esters and with ammonium perchlorates 

The particles of cellulose esters used for propellants should be spherical and 
have a diameter of 100 y, 50 p and 20 up. With a particle size of 100 yu, the plasti- 


cize: must contain at least some of a self-oxidizing compourd. Cellulose esters 


TABLE 9.2. SOME EXAMPLES OF PROPELLANTS WITH CELLULOSE ESTERS 


Propellant 


Constituents Remarks 





The constituents arc mixed 
and poured into molds. ; 
Setting (solidification) at 
140-145°C for 20 minutes 


Cellulose acetate # 1-15 y 
a Dioctyl phthalate 


NH,C10 


qua 





Cellulose acetate 
Setting at 140-145°C for 


Glycerin triacctate 15 minutes. 











TABLE 9.2. (continued) 










Fropellant 
number 








Constituents Remarks 


Setting at 150-155°C for 
Diethyl phthalate ae rae 


NH, C10 












4 





Cellulose acetate-sorbate # 25 y 
: Setting at 104°C for 
Diethyl phthalate Trece 


NH, C10 









4 





Cellulose acetate~sorbate @ 25 y 
5 Diethyl phthalate 
| NH, C10, 


TABLE 9.3. SOME EXAMPLES OF PROPELLANTS WITH CELLULOSE ACETATE 


Setting at 104°C for 
1 hour y 


Cellulose 


¢ropellant acetate Softener 











Triethylene glycol 
diacetate 


Diethyl phthalate 
Diethyl phthalate 
Diethyl phthalate 
Nitroglycerin 
Diethyl phthalate 
Nitroglycerin 
Diethyl phthalate 
Nitroglycerin 
Diethyl phthalace 
Nitroglycerin 





with a particle size greater than 50 u can be used for propellants with inactive 


plasticizers. The best temperature for mixing the constituents is 35°C. When 
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nitroglycerin is employed, the mixing temperature cannot exceed 1i5-120°C. Propel- 


lants of this type are given in Tables 9.2 and 9.3 [38]. 


Gas-generating propellants with sodium anthranylate 
Propellants of this type (Table 9.4) are particularly suitable as gas genera- 
tors because they have a low burning rate, liberate large volumes of gas, and yield 


gaseous products which do not corrode the nozzle. Sodium anthranylate serves as a 


TABLE 9.4. THE COMPOSITION OF SOME 
PROPELLANTS WITIi SODIUM ANTHRANYLATE 


Propellant no. 


Cellulose acetate 
(Lakierniczy* ~ 
55% CH COOH) 


Plasticizer mixture** 
Triethyl acetyl citrate 
Triacetin 

Carbon black 


Toluene diamine 


Sodium anthranylate 


Burning rate r (cm/sec) 


Pressure exponent n 





| 
*Translator's note: Unable to find meaning F 
*k2 parts by weight of dinitro-phenoxy ethanol + 1 part by | 
weight of di(dinitro-phenoxy) ethane 
combustion “catalyzer". A solution of cellulose acetate in plasticizers is prepared 
at 130°C. After cooling to 100°C, the ammonium nitrate, carbon black and amine arz \ 
incorporated. The sodium anthranylate is incorporated only when the formed mixture 


has the consistency of a paste, and the propellant is subsequently extruded or cast 


into molds [113]. 














9.3. Propellants with Asphalts and Pitches 


Some propellants with pitch and with asphalt were discussed in section 6.1.12. 


Propellants with asphalt and ammonium nitrate thickeners 
Numerous examples of thickeners and their eifect on the burning rate and com 
bustion stability of propellants with asphalt and with ammonium nitrate were dis~ 
cussed in section 7.2.4. This effect also depends on the method used to incorporate 
the thickener. The only effective method is "wet'' mixing, in wtitieh the thickener is 
incorporated into a 50% aqueous solution of ammonium nitrate with subsequent evapo~ 
ration. Some propellants with thickeners are given in lable 9.5 [44]. 
Propellants with asphalt and with 
the styrene~acrylonitrile polymer 
The styrene-acrylonitrile polymer is added in order to improve the properties 
of propellants based on asphalt. The 2 substances are employed in ratios of 7:3 to 
1:9, i.e., asphalt 10-70% and the styrene-acrylonitrile polymer, 30-90%. Binders 
with the above compositions make up 30-60% of the combust’ble component. The re- 
mainder is made up by the plasticizer. 
Generally, propellants of this type have the following composition: 


4% 


NH,NO., 65-90 
combustible component 6-25 
combustion "catalyzer" 1-10 


The combustible component is prepared by mixing the ingredients for 1 to 2 
hours at a temperature below 140°C. The modifier of the exponent n, stabilizer and 
surface-active agents are incorporated before the ammonium nitrate. The combustion 
"“catalyzer" and carbon black are mixed with the NH,NO, and added to the combustible 


component at a temperature below 110°C (90-105°C). Ii is cast into molds under a 


pressure of 140 kg/em?. The combustion temperature is 800-1370°C. 









TABLE 9.5. THE COMPOSITION OF SOME ROCKET 
q PROPELLANTS WITH ASPHALT AND WITH THICKENERS 





Burning rate r 






Propellant 
number 






Constituents 













wet mixing 
{em/sec] 


dry mixing 
{en/sec]} 











Asphalt 
Benton-34* 


NH, NO. 
Gans 
GM, 9Cr,0, 






Asphalt 14 
Benton-34 1: 


2 NH,NO., 85.4% 0.383 0.295 
Prussian blue 4.3% 85 


KNO, 10. 3% 


Asphalt 14 
Benton-34 vl 
NH,NO, 85.4% 

Prussian blue 4.3% 80 
KNO, 10.3% 


3 
(NH,) .Cr,07 


0.5.5 = 


Asphalt 
Benton~34 


4 NH,NO, 91% 


Furnace black 4.5% 
. KNO, 4.5% 


Asphalt 

Benton-34 

NH,NO, 91% 

Furnace black 4.5% 
KNO, 4.5% 


(NH,) .Cr,0, 





*The product of the reaction of bentonite with dimethyl-diethyl 
ammonium chloride. 
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TABLE 9.5. (continued) 


Burning rate r 


Heuer! leat Constituents 


number wet mixing dry mixing 


Asphalt 
Benton-34 


y vi 
NH,NO, 95% 


Prussian blue 5% 








* 
Asphalt 
Benton-34 
NH, NO, 90% 
NO, 10% 
2 
Example 
An equivalent amount (here, 5 parts) of the 2.1:3 mixture of 2,4-dinitro tolu- 
ene and 2,4-dinitro-diphenyl ether is added at 130-140°C to 2 parts of the styrene- 
acrylonitrile copolymer (29 mole percent of acrylonitrile) and 3 parts of asphalt 
(softening point, 102-113°C). This is mixed at 110°C for 2 hours. | 
{ 
82 parts of the mixture: 79 parts of NE, NO, with 3 parts of insoluble Prus- 
sian blue, are added to 18 parts of the combustible component and mixed for 1 hour } 
at 100-110°Cc. : | 
The finished propellant has the following composition: 
| 
NANO. 79 
: a 
asphalt 5.4 : 
styrene-acrylonitrile copolymer 3.6 
2,4-dinitro toluene S70, 


2,4-dinitro phenyl ether 


Prussian blue 


+See page 345 


This propellant is cast at 100°C under a pressure of 239 ke fen’. It tolerates 
a temperature of 77°C for 30 days and the cyclic test from -60 to +77°C. The burn- 


ing rate is 0.356 cm/sec. Other examples of propellants of this type are given in 


Table 9.6 [65}. 


TABLE 9.6. THE COMPOSITION OF SOME ROCKET PROPELLANTS WITH 
ASPHALT IMPROVED BY THE STYRENE-ACRYLONITRILE COPOLYMER 


Propellant aumber : 






Constituents (in %) 













SS SS EE ES 











Asphalt 


The styrene-acrylonitrile 
copelymer O22 
2,4-dinitro-diphenyl ether 3 | 
2,4-dinitro toluene 2 
Triethyl citrate - 


Di(2 ,4-dinitro-phenyl1) 
triethylene glycol ether} - 


Prussian blue 
Carbon black 
Aniline black 
Sorbitol oleate 


NH,NO 











3 


Burning rate r [cm/sec] 





Propellants with asphalt and with polyesters 


In order to prevent the cracking of asphalt propellants, the binder can be im- 
proved with polyesters. Sebacic acid esters and polyhydroxy alcohol esters have 
proved to be the most advantageous. They are added to the asphalt, preferably in 
the ratio of 3:4. The polyester is usually modified with castor oil, which prevents 
an excessive increase in the length of the polycondensate particles. The undesir- 
able fluidity of the propellant ui elevated temperatures is eliminated by the addi- 


tion of certain waxes with a melting point higher by at least 70°C than the 
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temperatures to which the propellant is subjected. Because some waxes have a ten- 


dency to harden at low temperatures, which in turn can lead to cracking 2f the pro- 
pellant, the addition of a plasticizer is imperative. 
Generally, the composition of such propellants is as follows: 


4 


& 


asphalt 8 +12 
glycerin sebacate modified with castor oil 7 -11 
dibutyl sebacate 2 + 3.5 
cetyl-acetamide (wax) 2.5—4 
NH, C10, 75 


The wax is incorporated into the molten asphalt and then the mixture of poly- 
ester with oil is added. It is successively mixed with the plasticizer and then 
with the oxidizer; the mixing temperature is 127°C. The following is one of the 


propellants of this type [92,106]: 


% 


asphalt? 10.5 
glycerin sebacate modified with castor oil 8.0 
cetyl-acet amide 3.0 
dibutyl sebacate 3.5 
NH,C10,, 75.0 


The burning rate at 70 kg/m” is 1.26 cm/sec. 


9.4. Propellants with Ammenium Nitrate and Amines 
The ammonium nitrate mixture can be used to make up almost any typ- of propel- 
lant, depending on the methylamine content in it. With a methylamine content of 
abcut 2%, the ammonium nitrate mixtures serve as explosives; from 2 to 6%, as solid 
rocket propellants; from 6 to 15%, they are muds and can be used as liquid single- 
constituent propellants; from 15 to 40%, they are liquid solutions and are used for 


liquid, two-component propellant engines. 


3see page 345 








% It is a very simple matter to prepare the above propellants. The ammonium ni- 
trate is permeated with liquid methylamine. The resultant solution is evaporated 
down to a 2-6% methylamine content to obtain the solid propellant. 

Some explosive mixttres and propellants with ammonium nitrate and methylamine 
are given in Table 9.7 [83,84]. 


TABLE 9.7. THE COMPOSITION OF SOM& EXPLOSIVE MIXTURES AND 
ROCKET PROPELLANTS WITH AMMONIUM NITRATE AND METHYLAMINE 











. Propellant additives (in 2) Methylamine 
number 
1 bigh-boiling petrolewma fraction 6 2 
2 coal dust 3 
3 grain flour 2 
4 wood flour 2 
5 carbon black 3 
6 ammonia 2 
7 2 
8 6 
9 25 





9.5. Propellants with Dimethyl Sulfoxide 
These propellants are based on low-melting adducts, which were discussed jn 
section 6.1.13. High-energy substances, such as hexogen, penthrite or nitroguani- 
dine, and oxidizers of the nitrate and perchlorate groups can be added to the above 
adducts. Pulverized metals (aluminum, magnesium) are incorporated in order to in- 


s crease the combustion temperature. 


Propellant 
78 g of (CH) 950 and 18 g of #0 are mixed at 80°C and 123 g of anhydrous 
NaClo, and 5 g of aerosol are added. The solution that results is poured over 10 g 


of cellulose batting in a mold. The finished propellant has a good mechanical 



























strength and the burning rate is 0.3-0.4 mm/sec [86}. 





This review of solid recket propellants permits the assumption that 2 oxidizers 
predominate in the propellants in current use: ammonium nitrate and ammonium perm 
chlorate. A great deal of research has been carried out to eliminate the disadvan- 


tages of ammonium nitrate because this oxidizer is unusually inexpensive as compared 


with others (it is about 10 times cheaper than NH,C1C,). j My 
The economic factor is also often decisive in the choice of combustible compo- | 

nents. Hence, the expanded research on propellants with pitches, asphalts, tars, 

frequently improved with synthetic rubbers (particularly, the copolymer 1, 3-buta~ 

diene -- 2~methyl--5-vinyl pyridine). It is apparent that there is a great future 

for the propellants consisting of solutions of ammonium nitrate in amines, because 

of their cheapness, simplicity of production and high chemical stability. 
Additives of light metals, particularly, boron, aluminum and magnesium, are 

more and more frequently used in propéllants foi special purposes, when it is neces- 

sary to obtain a large specific impulse. In connection with this, research has been 

conducted on obtaining the appropriate particle shape of the pulverized metals. 
Investigations have also been (and are being) carried out on high-energy bind- 

ers (a high lorific value of the binder must be here reconciled insofar as is pos- 

sible with a high chemical stability) for the purpose of increasing the specific 

impulse. ‘| ¢ 
New oxidizers, particularly of the organic type, with a high active oxygen con- 

tent in the molecule and also having high chemical stability, are continually being , 


sought. 
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Footnotes 
to p- 328. Propellant composition in parts by weight. 
to p. 340. The prope-lant compositin is given in parts by weight. 
to p. 342. Asphalt with a softening pode 83-104°C and a:penetration ‘of 
7-9 m/5 sec/100 g at 77°C. 
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